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On June 4, 2007, a small plane carrying the University of Michigan thoracic 
organ transplant team crashed into Lake Michigan, soon after takeoff from 
Milwaukee, Wisconsin. These were the members of that team and they epitomize 
many unsung heroes who make up the teams that work in the field of heart 
failure and transplantation: 

Dr Martinus "Martin" Spoor, a cardiac surgeon who had been on the 
faculty since 2003 at the University of Michigan. 

Dr David Ashburn, a fellow in pediatric cardiothoracic surgery. 

Richard Chenault II, a transplant donation specialist with the university 
transplant program. 

Richard Lapensee, a transplant donation specialist with the university 
transplant program. 

Dennis Hoyes, a Marlin air pilot. 

I ^^^^^ 

Bill Serra, a Marlin air pilot. 

This publication is dedicated to their memory. We would like to dedicate 
these two volumes of the book to the many healthcare givers of various 
persuasions who look after patients and facilitate the delivery of care. We 
also dedicate this effort to the numerous pioneers in the realm of heart 
failure research and development. 


Preface 


As I sit here, thinking about the field of heart 
failure, what springs to mind are the unsung heroes 
who pervade the arena. Right from transplant 
coordinators to rehabilitation therapists, from heart 
failure cardiologists to transplant surgeons, critical 
care physicians to transplant pharmacists, etc. All 
this becomes more personal, in light of the recent 
plane crash in the mid-west of the USA, when an 
entire team from the University of Michigan lost 
their lives after they had harvested a set of thoracic 
organs. Even more poignant was the fact that Dr 
Martinus Spoor, who contributed to a chapter in 
this book, lost his life in that crash. Therefore, this 
is dedicated to his memory and many more like 
him who have not been widely recognized. 

Let us start with transplantation of the heart 
itself. Even though Christiaan Barnard set the 
world on fire with the successful heart transplant 
in 1967, it was the hard work of people like 
Norman Shumway who over the years built the 
science and many teams that made cardiac trans- 
plantation a success. In the same vein, the tireless 
efforts of Vincent Dor should not go unsung. 
I remember many meetings when he would get up 
and present his data on geometric left ventricular 
reconstruction. The initial skepticism of the audi- 
ence gave way to credulous acceptance only over 
a period of two decades. It is remarkable that the 
patience and persistence of pioneers like him, 
secure in their clinical and scientific observation, 
have paved the way for other practitioners to fol- 
low. This has helped in the formation of heart 
failure as a specialty. When one considers that 
Billroth exhorted in the late 1800s that surgery 
on the heart was foolhardy and dangerous, it is 


amazing that coronary artery surgery became the 
most commonly performed surgical procedure 
toward the end of the twentieth century. However, 
as less invasive options of angioplasty and stent- 
ing became more widespread, more and more 
patients were able to survive heart attacks. These 
patients then had more attention paid to their 
cardiovascular risks and longevity improved. The 
cost of all this improved survival is heart failure 
of varying degrees. So much so, that heart fail- 
ure is the most common DRG code for hospital 
admissions in the developed world. The emer- 
gence of heart failure as a specialty began with 
acceptance of heart transplantation and the use 
of immunosuppression. However, alternative and 
delaying techniques to transplantation along with 
better drug therapy have built this whole specialty 
into a multidisciplinary behemoth. We have a 
range of options in the therapy of heart failure, 
ranging from medications to special techniques of 
resynchronization, venous ultrafiltration, beating 
heart surgery, etc. 

Coronary artery surgery numbers declined but 
patients who now present for bypass surgery invari- 
ably have some degree of left ventricular dysfunc- 
tion and more diffuse disease. They are often on 
aspirin and plavix. As survivors of major and minor 
cardiac events, these veterans of hospital admissions 
and multiple interventions pose great management 
challenges that require coordination between a mul- 
titude of caregivers and practitioners. 

As the teams that look after these complex 
patients grow, so do the number of unsung heroes 
who perform tirelessly to improve the outcomes 
of these sick patients. Remember, all this happens 
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while the media is constantly talking about new 
stem cell therapies, new robotic operations, new 
drugs for heart failure, etc. Very little mention 
is made about the nitty-gritty and daily grind 
of mundane tasks such as cardiac rehabilita- 
tion after a heart attack or cardiac surgery that 
dramatically improves the well-being of heart 
failure patients. Few lay people know about the 
existence of perfusionists who run the heart lung 
machine in open heart surgery or manage those 
large ventricular assist devices that keep patients 
alive. The ensemble approach of having a team 
look after patients for various aspects of care in 
a coordinated fashion has resulted in many of 
these patients doing well. 


My task here is therefore to acknowledge all those 
unsung heroes around the world and thank them for 
their work. I would also like to thank all the contribu- 
tors to this book, which is the first two-volume effort 
in the realm of heart failure. Grant Weston deserves 
credit, as the editor from Springer who had the fore- 
sight to hang his shingle on a "higher than usual risk" 
publication. No doubt there are areas of these two 
volumes that could be improved upon or updated, 
but our aim was to provide a good overview of the 
Comprehensive Management of Heart Failure. 

Jai Raman 
Chicago, IL 
October 2007 
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Surgical Perspectives 

Jai Raman 


1.1. A Brief Overview of the 
History and Evolution of Surgical 
Treatment of Heart Failure 

This chapter focuses on the early history of surgical 
procedures to address heart failure, right from 
mitral valve surgery to left ventricular aneurysm 
surgery and then onto transplantation. There is a 
brief outline of the early history of heart failure. 
A current view of the growing field of heart failure 
surgery and the expanding armamentarium of sur- 
gical therapies in heart failure is mentioned. 

Diseases desperate grown By desperate appliance are 
relieved,/Or not at all. (Shakespeare: Hamlet 4. 3. 9) 

The earliest mention of heart failure was by 
Sushruta, in 600 BC, a prominent physician and 
surgeon of ancient India. There is a good descrip- 
tion of what we now describe as heart failure, with 
patients manifesting with dyspnea, cough, wheez- 
ing, and edema. In his treatise known as Sushruta 
Samhita, he saw these as symptoms of a special 
derangement of a special organ system related to 
"pittam" or circulating fluids and prescribed emetics, 
diuretics, and purgatives for its treatment. 1 

1.2. Western Tradition 

Within the Western medical tradition, Lancisi 
(1654-1720) laid the foundation for contemporary 
understandings of the pathology of heart disease. 
In particular, he described the "aneurysm of the 
heart," which would now be termed dilatation, and 


recognized the swelling of neck veins as pathogno- 
monic of right heart dilatation. 

Albertini (1672-1733) of Bologna, a pupil of the 
great physician Malphigi, was the first physician to 
realize the importance of dyspnea as a symptom of 
heart disease. Morgagni (1682-1771), a professor 
of anatomy at Padua, recognized and anatomically 
distinguished between the two chief forms of 
cardiac enlargement: dilatation and hypertrophy. 
He also deduced that dyspnea and asthma could 
have cardiac causes, connecting these symptoms 
to right heart failure in particular. Senac (1693- 
1770), a French physician, was the first to write 
about the importance of inflammation as a cause 
of heart disease. He described thrills that were 
associated with valvular insufficiency. Laennec 
(1781-1826) invented the stethoscope in 1819 and 
regarded dilatation and hypertrophy to be the most 
important cardiac lesions. William Stokes (1804—78) 
recognized the importance of the myocardium and 
analyzed its relationship to valvular disease. 2 

1.3. Frank-Starling Relationship 

In 1895, Otto Frank, a famous German physician, 
showed the importance of cardiac filling and size in 
governing its contractility. In 1915, E. H. Starling 
demonstrated conclusively the relationship of 
preload and cardiac filling to cardiac contraction 
and performance in an experimental heart-lung 
preparation. This was called "Starling's law of the 
heart" and was the basis of the Frank-Starling curve 
or relationship. The Frank-Starling curve is a plot 
of cardiac size and contractility. 3 This curve or law 
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is the very basis of defining the limits of ventricular 
dilatation and the decompensation that occurs 
when the heart enlarges beyond a certain size. 

The present emphasis on the medical management 
of modern heart failure is not that much different. 
The last few decades have seen great strides in the 
development of devices and surgical procedures in 
the treatment of heart failure. However, very little 
of this is known to the wider medical community, 
let alone the cardiac surgical fraternity. Heart 
failure has often been called the final surgical 
frontier. However, this is not quite true as the 
history of cardiac surgery will attest.... 

Cardiac surgery is a relatively young surgical 
specialty that is now in a stage of flux. The heart was 
always held in great reverence. The great Viennese 
surgeon Theodor Billroth asserted in the 1880s that 
it might be dangerous to contemplate surgery on the 
heart. 

In the European tradition, the first surgical 
treatment of heart failure was drainage of a peri- 
cardial effusion that was unresponsive to diuretics, 
performed by Francisco Romero in Aragon around 
1814. Dominique Larrey, surgeon to Napoleon's 
Imperial Guard, drained a traumatic pericardial 
effusion presenting as tamponade in 1814. 

Dr. Daniel Hale Williams, an African-American 
surgeon who set up the Provident Hospital not far 
from the campus of the University of Chicago, 
performed the first repair of a cardiac wound in a 
patient called James Cornish, in 1893. Dr. Daniel 
Hale Williams called for six of his fellow black 
physicians to help him get the dying man into an 
operating room. Carefully making an incision along 
the fifth rib, Williams exposed the man's still-beating 
heart and his near-fatal wound. Williams and his 
surgeons evaluated and sewed up a small but ragged 
gash located on the surface of the heart between two 
coronary arteries and closed the pericardium. This 
is very pertinent to this book, which was conceived 
and produced at the University of Chicago when the 
first major cardiac procedure was performed in an 
affiliate hospital. This fact is even more poignant, 
because both authors of this chapter have been on the 
faculty of this university (Figure 1.1). 

There were two similar instances in Europe 
around the same time. In 1894, Ansel Cappelen 
sutured a 2-cm laceration on the surface of the ven- 
tricle, at the University of Oslo, Norway. His patient 
remained gravely ill succumbing 4 days later. 



Figure 1.1. Daniel Hale Williams, credited with the first 
repair of a cardiac wound, Provident Hospital, Chicago, 
1893. 

Ludwig Rehn at the University of Frankfurt am 
Main, inl896, is credited with carrying out the first 
successful repair of a large cardiac wound with a 
surviving patient. 

The early decades of the twentieth century set 
the tone for cardiac surgery, especially in patients 
with heart failure as a consequence of rheumatic 
stenosis of the mitral valve. 


1.4. Pioneers of Heart Surgery 

In 1902, Lauder Brunton wrote a remarkably 
prescient but restrained paper entitled "Preliminary 
Note on the Possibility of Treating Mitral Stenosis 
by Surgical Methods." Sir Brunton, working at 
St. Bartholomew's Hospital in London, studied 
a variety of instruments that could be introduced 
through the ventricle or the auricle. He also proposed 
that the commissures be divided rather than the 
leaflets. Inspite his great vision and extensive 
cadaver work, supporting his work, the paper set 
off a flurry of critical letters. The prevailing view 
of the cardiologists was skeptical and claimed 
that the prognosis of the condition depended on 
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the state of the heart muscle rather than on the size 
of the mitral orifice. Things have not changed that 
much more than a hundred years later! Unfortu- 
nately, it took almost 50 years to prove Brunton's 
predictions. 

Elliot Cutler, across the Atlantic at the Peter 
Bent Brigham Hospital, Boston, worked with many 
types of cutting instruments. On May 20, 1923, he 
operated on a bedridden patient who survived for 
AVi years, but could not be sure how much relief of 
mitral stenosis there was. The subsequent experi- 
ence with the various cutting procedures of the 
mitral valve failed because the focus was on cutting 
the leaflets rather than the commissures. 

It was 23 years after Brunon's paper that Henry 
Souttar introduced a finger through the atrial 
appendage to ostensibly free up a stenosed mitral 
valve, on May 6, 1925; to his surprise, he found a 
regurgitant valve, but established the principle of 
finger fracture. 

In 1910, Alexis Carrel reported on experiments 
performed at the University of Chicago and at the 
Rockefeller Institute, New York, at the American 
Surgical Association. He described a relatively safe 
period of vena caval occlusion or of cross-clamping 
of the heart, making it "feasible to cut a mitral or 
triscuspdian valve, or to perform the curettage of 
endocardiac vegetations" (Figure 1.2). 

Billroth was not alone, for most of history, the 
human heart has been regarded as an organ forbid- 
den to surgeons. World War II changed a lot of 
surgical attitudes. Pioneering advances in antibiotics, 
anesthesia, and blood transfusions were made by 
military doctors, who faced injury and suffering on 
a massive scale (Figure 1.3). 

Dr. Dwight Harken, as a young US Army sur- 
geon, was one of the first surgeons to use these 
improved techniques to gain access to the heart. 
Many of Harken's patients were young soldiers 
evacuated from the European front with shell 
fragments and bullets lodged inside their hearts. 
Leaving shrapnel wounds could be very danger- 
ous, while removing them could be fatal. Using 
animal experimentation, he tried to develop a 
technique that would allow him to cut into the 
wall of a still-beating heart, insert a finger, locate 
the shrapnel, and remove it. All of his first 14 
animal subjects died. Of the second group of 14, 
half died. Of the third group of 14, only 2 died. 
Harken used these techniques in his patients with 
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Figure 1.2. Alexis Carrel, pioneer of cardiac surgical tech- 
niques, vascular anastomoses, transplant techniques. 


no deaths, proving that the human heart could be 
operated upon. 

It was not long before surgeons began wondering 
if Harken's technique might be applied to defective 
heart valves. In 1947, Harken performed a repeat 
of the Cutler procedure which resulted in death 
of the patient. In 1948, within days of each other, 
Harken and Dr. Charles Bailey, of Philadelphia, 
independently reported on successful closed mitral 
commisurotomy using valvulotomes and care- 
fully designed knives. Across the Atlantic, Russell 
Brock at the Brompton Hospital, London, utilized 
Souttar's approach of finger fracture through 
the left atrial appendage with very good results. 
Dubost in Paris devised a reliable mechanical dila- 
tor which was subsequently modified by Oswald 
Tubbs in South Africa in 1955. This was the early 
evolution of valvular reparative surgery for heart 
failure — a truly international effort which provided 
dramatic relief to a desperately ill group of patients 
with mitral stenosis. 4 


4 



Figure 1.3. Dwight Harken, pioneer cardiothoracic 
surgeon. 

In the ensuing years, dramatic strides were made 
in anesthesia, cardiopulmonary support, valve 
replacement, myocardial protection, etc. to facilitate 
modern cardiac surgery. 


1.5. Developments in the 
Twentieth Century 

In terms of the development of cardiovascular 
surgery, Alexis Carroll, a very innovative researcher, 
pioneered many of the concepts that helped make 
contemporary heart surgery possible, including 
cardiac and other solid organ transplantation. 5 Much 
of his early work was at the University of Chicago 
and he continued his work at the Rockefeller Center 
in New York. It is a great testament to this surgical 
pioneer that he persevered even though he was not 
granted a license to practise medicine in the USA! 

Following on from Carroll's pioneering work, 
many groups and stalwarts developed various aspects 
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of heart surgery. In Stanford, California, Shumway 
and coworkers worked tirelessly to help make 
cardiac transplantation a reality. 6 Eventually, the 
introduction of Cyclosporin A helped make trans- 
plantation viable. 7 

In relation to the development of other surgical 
options for treating congestive heart failure 
(CHF), Chachques and coworkers, 8 working 
in Paris in the mid-1980s, used an interesting 
discovery in skeletal muscle transformation to try 
to improve the function of the failing heart. The left 
latissimus dorsi muscle was harvested with its 
intact neurovascular pedicle, wrapped around the 
heart, and transformed over a period of 10 weeks 
to a fatigue-resistant state. This technique, known 
as dynamic cardiomyoplasty, provided some relief 
to patients with heart failure, but was bedeviled by 
major morbidity. In addition, the muscle trans- 
formation took too long and could impact on the 
condition of a patient with severe cardiac failure. 
The mechanism by which this technique worked 
was probably through containment of the dilating 
ventricle. 

Dr. Randas Batista, a charismatic surgeon from 
Brazil, first burst on the international scene in 1997 
with his ventricular volume reduction surgery. 9 
Although his eponymous procedure is not used 
much any more, he showed the world the value 
of reducing the size of dilating ventricles to 
smaller sizes. Batista's technique reduced wall 
stress and alleviated symptoms in the short term. 
Unfortunately, the majority of the patients had 
recurrent ventricular dilatation and either died or 
proceeded to transplantation. 

Another approach that has had some impact 
on the surgical management of CHF is that of 
Dr. Steven Boiling and his associates from Ann 
Arbor, Michigan. They believe that mitral regurgi- 
tation is the process by which many patients with 
heart failure decompensate and manifest clinically. 
This group advocates radical mitral annuloplasty 
and has produced reasonably good results with this 
technique. 10 

Patients with heart failure as a consequence 
of ischemic heart disease often have large areas 
of myocardial scarring, some of which may be 
dyskinetic or truly aneurysmal. Dr. Vincent Dor of 
Monaco has long advocated a careful reconstruction 
of the left ventricle in patients with aneurysmal or 
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dyskinetic segments. 11 These techniques modified 
linear repairs of ventricular aneurysms advocated 
by Dr. Denton Cooley. 12 Cooley himself later on 
employed a patch repair of large aneurysms. 13 
Dor's work in the early 1990s demonstrated that 
excision of these maladaptive scars and implantation 
of a patch along with a purse string suture to reduce 
the size of the neck of the aneurysms, in order 
to reconstruct the ventricle and reduce its size, 
have beneficial effects. 14 Jatene's contributions to 
addressing septal dyskinesis have also contributed 
to improving outcomes with these reconstructive 
procedures. 15 At centers in Melbourne, Australia, 
and Chicago, USA, we have also had encouraging 
results using another modification of Dor's tech- 
nique, 16 whereby the purse string suture is avoided 
but a small tailored patch is used in an attempt to 
reconstruct the ventricle in a smaller and more nor- 
mal shape. Dr. Patrick McCarthy, at the Cleveland 
Clinic, has had encouraging results using a modifi- 
cation of Dr. Dor's technique, 17 whereby he uses a 
large purse string but avoids a patch. Yacoub and 
coworkers have also looked at using left ventricular 
assistance to aid recovery of the failing heart. 18 

The most dramatic and eye-catching development 
was, of course, the first heart transplant. Despite 
years of work and development by many researchers 
in the USA and Europe, the first implant was 
carried out in the Southern Hemisphere well away 
from those crucibles of development and discovery. 
In December of 1967, Dr. Christiaan Barnard, 
at the Groote Schuur Hospital, South Africa, 
transplanted the heart of a 23-year-old woman 
killed in a motor vehicle accident into the chest of 
a middle-aged man. He lived for 18 days, until the 
powerful drugs used to suppress rejection weak- 
ened him and he died of pneumonia. The second 
patient to receive a heart transplant, at the hands of 
Dr. Adrian Kantrowitz in the USA, lived only 6h. 
Dr. Barnard's next heart transplant patient lived for 
18 months. 

These surgical triumphs proved short lived 
as patients began dying of either rejection or 
infection. By 1971, 146 of the first 170 heart 
transplant recipients were dead. Transplantation of 
the heart received bad press and, worse, a bad rap. 

Only one surgeon continued — the recently 
deceased Dr. Norman Shumway persisted in 
pursuing this high-risk procedure. Throughout the 


1970s, he built a team of scientists and doctors to 
tackle the complex biological problem of tissue 
rejection in a careful, scientific manner. He devel- 
oped techniques of endomyocardial biopsies to 
monitor rejection. It was only fair therefore that 
Shumway benefited from a chance discovery 
made in another part of the world. 

The soil of Norway's Hardaanger fjord yielded 
a fungus which allowed the development of 
cyclosporin, a calcineurin inhibitor that revolu- 
tionized organ rejection without knocking out all 
resistance to infection. Hospitals around the world 
began to reopen their heart transplant units and 
their patients began to survive and prosper. 


1.6. Congestive Heart Failure 
1.6.1. Introduction 

Heart failure is a commonly used term that encom- 
passes a wide spectrum of diseases and a range of 
etiologies. However, in all these cases, the underly- 
ing common feature is the presence of some degree 
of failure of 19 the musculature of the heart to work 
efficiently. Heart failure may be defined in clinical 
as well as physiological terms: 

CHF is a clinical syndrome rather than a specific 
disease. CHF is characterized by a reduction in 
exercise tolerance, poor quality of life, and short- 
ened life expectancy. Hypertension and valvular 
heart disease were at one time the most common 
causes of progressive heart failure. However, 
with an ageing population, ischemic heart disease 
and diastolic dysfunction have become important 
causes of heart failure. As the heart dilates, there 
is increased wall stress. The Frank-Starling curve 
becomes inapplicable and the increase in diameter 
makes the heart expend more energy to pump the 
same amount of blood to maintain a cardiac out- 
put prior to dilatation. Physiologically speaking, 
failure of the heart as a pump is termed as overall 
heart failure and differs from myocardial failure, 
which is a reduction in myocardial contractility. 20 
One useful way to define heart failure is to state 
that it exists when the heart is unable to pump 
sufficient blood to meet the metabolic needs of 
the body at normal filling pressures, provided the 
venous return to the heart is normal. 
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1.7. A Brief Perspective 

In general, the survival rate of patients with 
heart failure is related to their degree of myocar- 
dial failure, whereas their symptoms are related 
more to CHF and its compensatory mechanisms. 
Most patients with heart failure, however, have an 
"enlarged heart," which, in technical terms, is due 
to dilatation of the ventricles. Ventricular dilatation 
usually runs a progressive course that is variable 
and predisposes the owner of the heart to sudden 
cardiac death. Indeed, in a landmark paper, White 
showed that ventricular volume was a major deter- 
minant of survival after myocardial infarction. 20 
There are numerous possible causes of overall 
heart pump failure (Table 1.1). 

This large variation in the causes and mecha- 
nisms of heart failure has made research into 
this area difficult. Research has been further 
hindered by a lack of large animal models that 
are both appropriate for studying human heart 
failure and reproducible, reliable, and stable for 
long-term study. 

CHF is the only cardiovascular disorder that is 
increasing in prevalence, despite important gains 
made in other cardiovascular arenas. In the USA 
and other industrialized nations, CHF is reported 
to be the most common cause for medical hos- 
pitalization for patients older than 65 years. It is 
also distinguished as the leading cause of mor- 
bidity and mortality in industrialized nations. 
Great strides have been made in improving 


Table 1.1. Common causes of Heart Failure 21 

Coronary artery disease 

Dilated cardiomyopathy of unknown cause 

Dilated cardiomyopathy of known cause: 

• Hypertensive 

• Toxic 

• Viral 

• Parasitic 

Valvular stenosis or regurgitation, with or without left 

ventricular dysfunction 
Hypertrophic cardiomyopathy 
Restrictive cardiomyopathy 
Pericardial disease 
Pulmonary hypertension 
Congenital heart disease 
High output states 
Uncontrolled tachycardia 


the symptoms of patients and reducing mortal- 
ity. However, according to noted researchers, 
patients with CHF are deemed to be "destined to 
suffer considerable disability and die from their 
disease." 22 

1.8. The Magnitude of the Problem 

The American Heart Association reports that more 
than 5 million people in the USA have CHF and that 
at least 550,000 new cases develop on an annual 
basis. In the USA, in 2001, 6.5 million hospital 
days were associated with CHF admissions. In that 
year, 53,000 patients died with CHF as their primary 
diagnosis. Once patients were hospitalized, heart 
failure also accounted for 12-15 million visits to 
the physician during that same period. 23 In 1995, 
heart failure accounted for more than $10 billion 
a year in health care costs in the USA. 23 24 Further 
analysis of costs revealed that when both federal 
and nonfederal hospital expenditures were examined, 
the total cost was more like $40 billion for 1994, 
in the USA. 25 

While better treatment has evolved over the past 
two decades for ischemic heart disease, only modest 
improvement has been made in the management 
of heart failure. The incidence of heart failure is 
said to double in each decade of life from the age 
of 45 to the age of 75 years. Thirty-four percent 
of patients die within the first year of newly 
diagnosed CHF. Eighty-two percent of men die 
within 6 years of the diagnosis. In the second to 
sixth years of diagnosis, death rates associated 
with CHF are four to eight times that of the general 
population. However, worsening symptoms are not 
always a prelude to death. Forty-four percent of 
deaths in patients with CHF are sudden, with no 
markers for prediction. The rate of sudden death in 
this patient group is five times that of the general 
population. 26 

1.9. Incidence and Prevalence 

Incidence data on CHF in Australia are estimated 
at 300,000 patients or 1-2% of the population. In 
the USA, data on incidence are based on estimates 
from the study in Framingham, Massachusetts, 
funded by the National Heart, Lung, and Blood 
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Institute. The incidence of CHF is equally fre- 
quent in men and women, with an annual inci- 
dence approaching 10 per 1,000 population after 
65 years of age. There is an incidence five times 
greater in patients who have had a myocardial 
infarction compared with those who have not. 
CHF is the biggest cause of medical admissions 
in the USA. 

Similarly, prevalence data are not available for 
Australia, but can be roughly extrapolated from the 
figures in the USA. However, the Australian Institute 
of Health and Welfare estimates that heart failure 


accounts for 5% of all deaths from cardiovascular 
disease and 10% of all hospitalizations for 
cardiovascular conditions. However, patients over 
the age of 65 years accounted for 86% of heart fail- 
ure admissions. 27 

Close to 5 million Americans have CHF, with an 
equal representation of the sexes across this figure. 
CHF is present in 2% of people aged 40-59, in 
more than 5% of people aged 60-69, and in 10% of 
people over the age of 70. The prevalence of CHF 
has also increased steadily over the past 20 years as 
the population ages 24 (Figure 1.4). 
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* Hospital discharges include people both living and dead. 
Source: CDC/NCHS and the American Heart Association. 
Figure 1.4. Prevalence of heart failure and hospital discharges of CHF. 
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1.10. Course of the Disease 
and Present Treatment Options 

Initially, the heart tends to compensate by increasing 
the heart rate — causing hypertrophy of myocardial 
cells — and also starts dilating to cope with the load. 
Eventually, however, these mechanisms fail and the 
heart continues to dilate. It may enlarge asympto- 
matically for a variable period of time. As a result, 
the patient may present quite late, with a certain 
amount of irreversible cardiac dilatation. 25 The 
extent of symptoms depends on the clinical phase 
of the illness; the level of compensation or decom- 
pensation; the underlying cause; and aggravating 
factors, such as a chest infection or a sudden fluid 
overload. The majority of patients are managed 
with medications, which provide symptomatic 
relief but do nothing to stop the underlying process. 
Patients are often managed with a combination, or 
"cocktail," of medications that need to be carefully 
monitored and regularly adjusted. In addition to 
symptomatic relief, some of these drugs may have 
significant side effects. However, with progressive 
myocardial dilatation, drugs become ineffective 
and the only solution may be surgical therapy of 
some sort. 28 

The gold standard for treatment of end-stage heart 
failure is orthotropic cardiac transplantation. This is 
an expensive therapy and is limited severely by the 
lack of availability of donor organs. Patients who 
undergo transplantation must remain on immuno- 
suppressive therapy for life, with the consequent risk 
of infection, rejection, and graft atherosclerosis. 

A variety of other surgical options, such as 
coronary artery bypass graft surgery, dynamic 
cardiomyoplasty, radical mitral annuloplasty, and 
left ventricular volume reduction surgery, have 
been tried with inconsistent results and variable 
success. Left ventricular aneurysm repair or inf- 
arct exclusion is a technique that is effective for 
patients with large infarcted segments that are 
dyskinetic. Apart from these procedures, few 
surgical options have been developed to deal with 
CHF. The field is thus ripe for the development of 
new approaches. 

The next chapter deals with the pathophysiology, 
clinical spectrum, and management of heart failure. 
That will set the stage for the evolution of the other 
chapters in this book. 


J. Raman 

Key Points to Remember 
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2.1. Pathophysiology 

The noted biological and medical writer Lewis 
Thomas mused in his 1983 essay, entitled 'The 
Artificial Heart' : 

We do not really understand the underlying mechanism 
of cardiomyopathies at all, and we are not much better 
at comprehending the biochemical events that disable 
the heart muscle or its valves in other more common ill- 
nesses. But there are clues enough to raise the spirits of 
people in a good many basic science disciplines, and any 
number of engrossing questions are at hand awaiting 
answers. The trouble is that most of the good questions 
that may lead, ultimately, to methods for prevention 
(for example, the metabolism and intimate pathologic 
changes in a failing myocardium, the possible roles of 
nutrition, viral infection, blood-clotting abnormalities, 
hypertension, life-style, and other unknown factors) are 
all long-range questions, requiring unguessable peri- 
ods of time before the research can be completed. Nor 
can the outcome of research on any particular line be 
predicted in advance; whatever turns up as the result of 
science is bound to be new information. There can be no 
guarantee that the work will turn out to be useful. It can, 
however, be guaranteed that if such work is not done we 
will be stuck forever with this insupportably expensive, 
ethically puzzling, halfway technology, and it is doubtful 
that we can long afford it. 1 

Sixteen years later Willerson observed in an edito- 
rial on heart failure that it is 'Not yet clear is what 
mediates the progression of heart failure after the 
initial injury, and how it may be influenced'. 2 

In order to understand more fully the mecha- 
nisms through which the process of ventricular con- 
tainment is useful for the treatment of congestive 


heart failure (CHF), it is crucial to have a thorough 
knowledge of the pathophysiology of this common 
heart disease. In this chapter I discuss the disease 
processes of CHF at a biochemical, molecular or 
cellular level, and at a more systemic level. 

2.1.1. Initiation of Heart Failure 

Initial injuries or insults to the myocardium may 
sometimes be sub-clinical, thus producing immedi- 
ate signs of heart failure only in a small group of 
patients. These injuries often initiate a process that 
leads to chronic CHF over a period of months or 
years. Three main forces that initiate the process 
of CHF are 

• intrinsic myocardial damage 

• abnormal load on one (particularly the left ventri- 
cle) or both ventricles 

• extrinsic forces affecting the heart. 

Over half the cases of intrinsic myocardial damage 
are due to ischaemia and/or infarction caused 
by ischaemic heart disease. 3 Myocardial dam- 
age resulting in heart failure may also be caused 
by auto-immune injury, infections, metabolic 
insults and toxic conditions. 4 Idiopathic dilated 
cardiomyopathy may be due to self-directed 
antibodies to myocyte antigens. Immunodulation 
may cause improvement in these patients. 5 Toxic 
and metabolic causes include alcohol toxicity and 
hyperthyroidism. 

Abnormal loads on the myocardium may be due 
to chronic pressure overload (e.g. systemic arterial 
hypertension) or volume overload (e.g. aortic and 
mitral valve regurgitation). 
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Extrinsic causes of heart failure include constrictive 
pericardial disease, tachycardia-induced heart failure, 
and 'high-output' heart failure due to severe anaemia 
or a large arteriovenous fistula or shunt. 

2.1.2. Progression 

The underlying mechanism in the development 
and progression of heart failure involves an ini- 
tial insult followed by ventricular remodelling. 
A destructive cycle is set in motion whereby the 
remaining normal myocardium undergoes changes 
in cellular metabolism, leading to hypertrophy and 
fibrosis. This gradually results in changes in the 
ultra-structure of the ventricles through a process 
called remodelling. Remodelling occurs initially 
as an adaptive response to improve cardiac per- 
formance. Unfortunately over time this response 
becomes counterproductive and maladaptive. 6 

2.1.3. Molecular and Cellular Basis 

There are various factors that impact on the 
ventricles at a cellular level. For instance sys- 
temic arterial hypertension causes a reactivation 
of embryonic growth factors, which are normally 
dormant in the adult heart. These factors accelerate 
protein synthesis and myocyte growth, resulting in 
hypertrophy of the ventricle. 7 Diastolic dysfunc- 
tion ensues and progresses to systolic dysfunction, 
which ends up causing a large, dilated, poorly 
functioning ventricle. 

Myocardial infarction (MI) is another trigger for 
ventricular remodelling. The irreversibly injured 
myocardium loses contractile function, causing 
compensatory changes in the remaining myocar- 
dium. This functional overload on non-infarcted 
muscle, as well as intrinsic changes in the infarcted 
area (such as myocyte filament slippage), leads 
to remodelling. This process finally results in a 
dilated heart with severe dysfunction. 8 

The contributing mechanisms to ventricu- 
lar remodelling are complex and not completely 
understood. Current hypotheses focus on certain 
cytokines and growth factors, such as tumour 
necrosis factor (TNF). 9 Elevated levels of TNF are 
found in the myocardium of patients with heart 
failure. Raised levels of TNF may cause myocyte 
dysfunction through a mechanism involving the 
induction of nitric oxide synthase (iNOS). 10,11 


While the maladaptive changes of heart failure 
can be reversed by successful treatment if instituted 
early enough, 12 further cellular changes result in 
apoptosis — programmed cell-death — and fibrous 
replacement in normal areas of the heart, causing 
permanent functional damage. 13 

The common end result of chronic congestive 
failure is systolic dysfunction, which translates as 
an inability of the left ventricle to eject its contents 
in systole. Left ventricular ejection fraction while a 
relatively weak prognostic indicator if used alone 14 
is the most frequently used objective estimate of 
heart failure severity. 

Diastolic dysfunction exists when the left ventri- 
cle is unable to fill at a normal rate and to a normal 
extent. 15 Systolic function may be normal in some 
patients with diastolic dysfunction. This condition 
can be caused by a variety of conditions, including 
severe left ventricular hypertrophy, restrictive infil- 
trative myocardial disease and constrictive pericardi- 
tis. There is no accurate way of quantifying diastolic 
dysfunction. Diastolic dysfunction can be difficult to 
treat effectively and may progress steadily. 16 

2.1.4. Maladaptive Systemic Responses 

Chronic CHF starts off as adaptive cardiac and 
systemic responses in an attempt to maintain nor- 
mal perfusion of systemic organs. These responses 
become counterproductive over time, leading to 
the progression of heart failure, with worsening 
symptoms (Figure 2.1). 

Various homeostatic mechanisms are activated 
in CHF, such as the activation of the renin- 
angiotensin-aldosterone system. Decreased renal 
perfusion is detected by receptors in the renal arte- 
rioles, leading to renin release from the kidneys. 
The increased angiotensin II that is formed acts 
on efferent arterioles increasing glomerular filtra- 
tion pressure, despite reduction in renal perfusion 
pressure. Aldosterone synthesis is stimulated by 
angiotensin II, causing retention of salt and water 
by the kidney. Initially, this mechanism works 
to preserve normal systemic and renal perfusion. 
However, over a longer period this process leads 
to edema, elevated pulmonary artery pressures and 
increased after-load. 17 Figure 2.2 illustrates these 
mechanisms. 

Figure 2.2 shows that there is an increase in sym- 
pathetic activity, as well as vasopressin and renin 
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Figure 2.1. Mechanism of heart failure progression. 
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Figure 2.2. Cycle of heart failure progression, interact- 
ing with the renin-angiotensin axis, adrenergic system 
and cytokines. 

release, in CHE Neuro-endocrine activation is mani- 
fested by the release of norepinephrine, vasopressin 
and atrial natriuretic peptide. 18 The increased after- 
load and myocyte damage leads to a repetitive cycle 
of decreasing cardiac performance. Norepinephrine 
increases systemic vasoconstriction, chronotropy 
and inotropy by direct cardiac stimulation. 19 Over 
time, this increase in tissue norepinephrine activity 
predisposes to ventricular arrhythmias and sudden 
cardiac death. Higher circulating levels of plasma 
norepinephrine have been shown to negatively cor- 
relate with the prognosis of heart failure. 20 These 
values, while a rough guide, can be highly variable 


and unreliable compared to local concentrations of 
norepinephrine within the heart. The levels of nore- 
pinephrine in the cardiac circulation are measured 
by norepinephrine spill-over, and are elevated in 
CHF, providing an accurate prognostic guide. 21 

Increased levels of endothelin are also found 
in CHF, promoting peripheral vasoconstriction, 
myocyte hypertrophy and adverse remodelling. 22 
Furthermore, atrial and brain natriuretic peptides 
(ANPs & BNPs) are released by the atria in 
response to stretch and increased atrial pressure. 
Neurohormones, cytokines and nitric oxide all 
interact together in complex ways to create the syn- 
drome of chronic heart failure. 

2.1.4.1. Fetal Gene Activation During 
Heart Failure 

In a hypertrophied heart, myocytes are not only big 
in size but they also have additional sarcomeres. 
The manner in which these sarcomeres are added 
depends upon the type of load being imposed on 
myocytes. In situation of pressure overload, sar- 
comeres are added in parallel, leading to increased 
LV wall thickness, whereas during volume over- 
load, they are added in series, resulting in dilation 
of the ventricular cavity. There are also qualitative 
differences in sarcomeres of hypertrophied myo- 
cytes. A great body of evidence suggest that hyper- 
trophy of myocytes is associated with induction of 
a group of genes, which are usually expressed dur- 
ing fetal heart development. These genes include 
activation of (3-myosin heavy chain (MHC), 
skeletal-a-actin and atrial natriuretic factor and the 
repression of oc-MHC and SR-CaATPase. These 
changes may be initially salutary for an overloaded 
heart; however, prolonged hypertrophy leads to 
myocyte dysfunction, which eventually results in 
heart failure. Results collected from animals studies 
have also indicated that the loss of a-MHC content 
is a critical determinant of the reduced myocardial 
contractility during heart failure. Direct evidence in 
support of a causal link between the loss of a-MHC 
and the development of heart failure came from 
experiments in which the a-MHC gene was ablated. 
Data correlating even small decrements of a-MHC 
content with changes in the intrinsic contractile 
characteristics of the myocardium also support the 
idea that a critical level of a-MHC content is essen- 
tial for the normal pump function of the heart. 
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Another possible cause of a decrease in con- 
tractile protein function is an alteration in the 
expression and/or activity of regulatory proteins. 
In animal models of heart failure, there are changes 
in the myosin light chain and the troponin-tropo- 
myosin complex. Changes in myosin light-chain 
isoforms have been observed in heart samples of 
patients subjected to increased mechanical stress, 
and the expression of troponin-T splice variants 
was found to be altered in failing human myocar- 
dium. Changes in the phosphorylation status of 
Troponin-I have also been suggested to be involved 
in the loss of contractile activity of myocytes dur- 
ing heart failure. Moreover, defects in sarcoplasmic 
reticulum Ca 2+ ATPase and Ca release channels 
have been suggested to be responsible for the con- 
tractile dysfunction of myocytes. 

2.1.4.2. Myocyte Cell-Death During 
Heart Failure 

It has been realized that in addition to muscle 
gene dysregulation, cardiomyocyte cell-death sig- 
nificantly contributes to loss of ventricular func- 
tion in a failing heart. During increased workload, 
myocytes undergo a hypertrophic growth response 
to compensate for the increased demand, the ini- 
tiating events of which are similar to those that 
drive cell cycle progression in proliferating cells. 
A continuous growth signal in myocytes, at some 
point, causes cells to malfunction and leads to cell- 
death. As cells die, the work load on the remain- 
ing cells increases, which further aggravates this 
process and eventually leads to organ failure. 
Both in humans and animals with different car- 
diac disorders, including ischaemic heart disease, 
idiopathic dilated cardiomyopathy, hypertensive heart 
disease, viral myocarditis, pacing-induced cardiomy- 
opathy and different transgenic models of heart fail- 
ure, myocyte cell-death has been implicated as a 
common cause of the cardiac pathology. However, 
the mechanism of cell-death in a failing heart remains 
highly disputed. Some studies have documented 
a role of caspases in myocyte cell-death; however, 
others have disputed this notion. The activation of 
caspases in ischaemic heart disease seems fairly 
accepted, but its participation in non-ischaemic 
diseases remains controversial. Our own studies 
have shown that in pressure-overloaded hearts 
Poly ADP Ribose Polymerase (PARP), a nuclear 


enzyme mediating DNA repair is not cleaved, a 
marker of caspase-dependent cell-death, but rather 
its expression is progressively increased in relation 
to the degree of cardiac hypertrophy, suggesting that 
haemodynamic stress endangers cardiac myocytes 
through a mechanism that appears different from the 
conventional caspase-mediated apoptosis. Activation 
of PARP has been seen during different animal mod- 
els of heart failure as well as in failing human hearts. 
Recent evidence suggests that prevention of car- 
diomyocyte cell-death by PARP inhibition and/or by 
changing the activity of other cell-death intermediates 
protects the overloaded heart from going into failure. 

2.1.5. Genetics of Heart Failure 

Before we proceed to a discussion of the complex 
clinical manifestations of CHF, a brief discussion 
of the genetic factors at work in CHF is neces- 
sary for completion. Almost 20% of patients with 
dilated cardiomyopathy are likely to have an inher- 
ited genetic defect. For instance, familial hyper- 
trophic cardiomyopathy is caused by a number 
of gene mutations affecting (3-MHC, cardiac tro- 
ponin-T and I, alpha tropomyosin, myosin-binding 
protein C and myosin light chains 1 and 2. 23 In 
certain conditions such as Duchenne muscular 
dystrophy, there are definite genetic associations of 
an abnormal gene called dystrophin with abnormal 
myocardial function. 24 

2.2. Clinical Spectrum 

Heart failure is usually defined as the inability of 
the heart to generate an output sufficient to meet 
the metabolic requirements of the body. The left or 
right ventricles may fail individually or together. 
Heart failure may also occur in the face of normal 
systolic ventricular function. 

Left heart failure presents with shortness of 
breath, which, if severe, will occur at rest. Patients 
are graded on their functional capacity depending 
on the level of activity that induces shortness of 
breath. This functional classification, known as the 
'New York Heart Association (NYHA) classifica- 
tion', is widely accepted and used around the world. 
This functional classification is used in the assess- 
ment of patients, prognostication and in tailoring 
management. The classes are as follows Table 2.1: 
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Table 2.1. New York Heart Association (NYHA) classi- 
fication. 


NYHA Class I 

Shortness of breath on unaccustomed 


exertion. Normal exercise tolerance. 

NYHA Class II 

Shortness of breath on accustomed 


exertion, e.g., breathlessness on 


walking uphill or climbing a flight 


of stairs. 

NYHA Class III 

Shortness of breath on mild exertion, 


e.g., symptomatic on walking a few 


metres. 

NYHA Class IV 

Symptomatic at rest or on minimal 


exertion. 


Minor impairment of cardiac function may remain 
asymptomatic but as compensatory mechanisms 
become maladaptive, the clinical features of heart 
failure emerge. These relate primarily to the con- 
sequences of elevated atrial pressures and reduced 
cardiac output, expressed as congestion and periph- 
eral hypoperfusion, respectively. Manifestations 
of left and right heart may occur separately, but in 
reality they often occur together in varying degrees, 
resulting in the broader syndrome of CHF. 

2.2.1. Acute Left Heart Failure 

This is usually caused by acute MI, but may also 
be due to acute aortic or mitral regurgitation, or 
fulminant myocarditis. The patient usually presents 
with sudden onset of breathlessness and may cough 
up pink, frothy sputum. These clinical features are 
hallmarks of acute pulmonary oedema although, in 
reality, most patients are now diagnosed on the basis 
of 'wet lungs' using chest x-ray. Systemic hypop- 
erfusion supervenes, progressing to hypotension, 
oliguria and, in severe cases, cardiogenic shock. 

2.2.2. Chronic Left Heart Failure 

Patients usually have varying degrees of dyspnoea 
on exertion, the causes of which are many. For 
example, the elevation of left atrial pressure with 
exertion may be caused by 

• respiratory muscle fatigue, 

• metabolic factors such as acidosis and renal 
impairment or 

• muscle fatigue due to low cardiac output and 
poor muscle conditioning. 


Clinical examination may reveal signs of low 
cardiac output and reflex sympathetic stimulation, 
which include tachycardia, cool peripheries and, 
occasionally, cyanosis. Auscultation may reveal 
inspiratory crackles at lung bases, although this can 
be unreliable; they are just as likely to be retained 
secretions within the lungs. Pleural effusions may 
be present. A third heart sound may be present 
producing a gallop rhythm. In severe heart failure, 
dilatation of the cardiac base and ftbroskeleton 
causes mitral annular dilatation and mitral regurgi- 
tation. This is manifested by a pan-systolic murmur 
at the apex. 

2.2.3. Acute Right Heart failure 

Acute right heart failure may be caused by pul- 
monary embolism or right ventricular infarction. 
Patients usually present with breathlessness, sys- 
temic hypotension, cool skin, elevated jugular 
venous pressure and occasionally an enlarged 
liver. 

2.2.4. Chronic Right Heart Failure 

In this condition patients complain more of fatigue, 
and breathlessness is common. They also complain 
of a bloated feeling in the abdomen and a loss of 
appetite. This may be due to ascites, liver conges- 
tion and edema of the gastro-intestinal tract. On 
examination the jugular venous pulse (JVP) is ele- 
vated. Occasionally there may be large V waves in 
the JVP along with pulsatile hepatomegaly, sugges- 
tive of functional tricuspid regurgitation. In such 
patients a pan-systolic murmur can be heard at 
the left sternal edge. Peripheral edema and ascites 
may be present. Occasionally patients present with 
jaundice and impaired protein synthesis, due to 
chronic impairment of liver function. 

2.2.5. Complications 

A variety of cardiac arrhythmias occur in heart 
failure, especially atrial fibrillation which causes 
varying degrees of haemodynamic deterioration. 
Ventricular arrhythmias occur later in the course 
of the disease and are more sinister, often causing 
sudden death. Arrhythmias and cardiac dilatation 
predispose to thrombus formation within car- 
diac chambers, which can then embolise into the 
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pulmonary or systemic circulations. Chronic con- 
gestion of the lungs also provides a fertile ground 
for chest infections. Deep vein thromboses as a 
result of sluggish flow in the veins of the legs and 
pelvis may progress to pulmonary embolism and 
sudden death. 

Advanced heart failure also causes progressive 
failure of major organs such as the liver and kidneys. 

2.2.6. Diagnosis 

As I have described CHF can present with a vari- 
able clinical picture. However, a variety of inves- 
tigations can help confirm the diagnosis, such as 
electrocardiogram (ECG), chest X-ray, echocar- 
diography, cardiac catheterization, radionuclide 
ventriculography (RNVG), magnetic resonance 
imaging (MRI) and cardio pulmonary exercise test- 
ing. Such investigative tools are useful for mapping 
the course and progression of the disease. 

2.3. Current Treatment Options 
for CHF 

CHF is a complex medical condition requiring 
therapeutic interventions at multiple levels. It is 
the most common cause of medical admissions 
in Australia, the United States, Canada and the 
UK. The biggest advance in the treatment of heart 
failure has been the establishment of 'Heart Failure 
Clinics' and heart failure groups in hospitals, serv- 
iced by people interested in investigating, under- 
standing and managing heart failure. 25 

Multi-disciplinary heart failure programmes that 
run cardiac rehabilitation courses after MI or 
cardiac surgery have been effective in reducing 
heart failure-related admissions. 26 Symptomatic 
improvement has also been noticed, along with 
reduced hospitalisation in patients with cardiomy- 
opathy who attend a specialised clinic. 27 

Prevention also plays a very important role. 
The West of Scotland Study showed that primary 
prevention, by advocating drug therapy with prav- 
astatin, prevented MI and reduced the incidence 
of heart failure in a population at risk. 28 The 4S 
Study (Scandinavian Simvastatin Survival Study) 
followed patients with coronary artery disease, 
some of whom were randomly assigned to a 
placebo group and some to a group treated with 


simvastatin. Secondary prevention in the 4S Study 
showed that occurrence of heart failure at 5-year 
follow-up was significantly higher in the placebo 
than in the simvastatin group. 29 

Exercise programmes to improve general fitness 
and the level of exercise tolerance have been shown 
to significantly improve the functional status of 
patients with heart failure. 30 Bed rest, which was a 
cornerstone of traditional therapy for CHF, is there- 
fore no longer advocated for these patients. 

Despite these improvements in treatment and 
prevention, the effective management of heart 
failure continues to be a pressing concern. Before 
discussing my research into the utility and efficacy 
of ventricular containment, this next section will 
review current approaches to the treatment of CHF, 
both medical and surgical. 

2.3.1. Drug Therapy 

2.3.1.1. Inotropic Agents 

Digoxin, a drug that exerts a direct inotropic effect 
on the heart, has been a therapeutic mainstay in CHF 
for many years. Despite this, the DIG (Digitalis 
Investigation Group) trial found that there was no 
significant impact on mortality in patients treated 
with digoxin. 31 However, this study demonstrated 
that patients treated with digitalis required less hospi- 
talisation for worsening heart failure. The newer ino- 
tropic agents have also failed to lower the mortality 
rate of CHF sufferers. The PROMISE (Prospective 
Randomised Milrinone Survival Evaluation) trial, 
for example, did not live up to its name. Indeed there 
was a 28% higher all-cause mortality in patients 
randomly treated with 40 mg/day of milrinone com- 
pared to the placebo group. 32 

2.3.1. 2. Vasodilators 

The first Veteran Administration Co-operative 
Vasodilator-Heart Failure Trial (V-HeFT I) was 
published in 1986. The report showed that the 
addition of the vasodilators hydralazine (300 mg/ 
day) and isosorbide dinitrate (160 mg/day) to a 
digoxin and diuretic regime resulted in a reduc- 
tion in mortality of 38% after 1 year, 25% after 2 
years, and 28% over the entire follow-up period (a 
mean of 2.3 years). 33 In 1991, the V-HeFT II study 
(conducted by the same group) reported that the 
angiotensin-converting enzyme (ACE) inhibitor 
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enalapril was 18% better than the combination of 
the two direct vasodilators. 34 However, the hydrala- 
zine-isosorbide combination was associated with 
improved ventricular function and better oxygen 
consumption at peak exercise. 

2.3.1.3. Calcium Channel Blockers 

Calcium channel blockers have been associated 
with worsening heart failure and a rise in mortal- 
ity, 35 with the exclusion of amlodipine. The PRAISE 
(Prospective Randomised Amlodipine Survival 
Evaluation) trial found that while amlodipine had 
no impact on mortality, it diminished the combined 
risk of non-fatal and fatal events by 3 1 % in patients 
with non-ischaemic cardiomyopathy. 36 

2.3.1.4. Beta- Adrenoceptor Blockade 

The sympathetic system is activated in patients 
with CHF. Another way of dealing with the adverse 
effects of neurohumoral activation is through beta- 
adrenoceptor blockage. Carvedilol, for example, is 
a non-selective beta-receptor antagonist that also 
blocks alpha- 1 receptors and has antioxidant effects. 
In a recent trial carvedilol reduced mortality, 6-12 
months after treatment, by 65% in patients with 
CHF. 37 An Australian trial also showed improve- 
ment in ejection fraction, cardiac mortality and 
morbidity in patients treated with carvedilol. 38 

2.3.1.5. Angiotensin-Converting 
Enzyme Inhibitors 

There is now a large volume of work supporting 
the role of ACE inhibitors in heart failure and these 
agents have become a cornerstone of first-line 
therapy. Treatment with ACE inhibitors improves 
haemodynamic profiles as well as functional status, 
with benefits in exercise performance, dyspnea, 
fatigue and edema. The Survival and Ventricular 
Enlargement (SAVE) trial showed improvement 
in all-cause mortality and reduced cardiovascu- 
lar morbidity in patients with asymptomatic LV 
dysfunction after MI, who were treated with cap- 
topril. 39 The SOLVD (Studies of Left Ventricular 
Dysfunction) trial showed that enalapril reduced 
the risk of death and hospitalisation for worsening 
failure compared to the placebo group. 40 

There are many other studies showing the effi- 
cacy of various ACE inhibitor drugs in heart failure 


as a consequence of MI. However, while most of 
these drugs delay progression of heart failure for 
a while and provide a solid bedrock of therapy, 
each of them has a significant incidence of com- 
plications. Despite best medical therapy, patients 
tend to worsen gradually as the ventricle dilates 
inexorably. 

2.3.2. Surgical Therapy 

Apart from first-line treatment with drug therapy, 
a number of surgical techniques have also been 
developed to treat heart failure. These include the 
following. 

2.3.2.1. Left Ventricular Assist Devices 

Occasionally, in patients with cardiomyopathy 
due to either idiopathic or reversible causes, ven- 
tricular assist devices may be used on a long-term 
basis until the patients recover. 41 Despite many 
favourable reports 42 use of these devices has been 
bedevilled by a high rate of bleeding, infection and 
haemolysis, 43 as well as thrombo-embolism. 44 They 
work reasonably well in the short and intermediate 
term to tide patients over until transplantation. 45 
However, ventricular devices are expensive and 
cumbersome. Because of the financial constraints, 
these are usually reserved for young patients in 
NYHA class IV heart failure who are likely to 
undergo a heart transplant. 

2.3.2.2. Cardiomyoplasty 

Dynamic cardiomyoplasty was first performed 
in 1985, utilising the left latissimus dorsi on an 
intact neurovascular pedicle. The skeletal muscle 
was transformed to fatigue resistance by long-term 
electrical stimulation, utilising Pette's elegant find- 
ing in muscle physiology. 46 

Skeletal muscle transformed in this way was used 
experimentally in an attempt to augment cardiac 
function 47 and as an implantable extra-aortic bal- 
loon assist device. 48 Despite much enthusiasm for 
this technique, early experiences were marred by 
high mortality and morbidity rates. 49 A randomised 
study to demonstrate the efficacy of cardiomyo- 
plasty was commenced quite late; by the time the 
study was completed the cardiomyostimulators had 
already been withdrawn from the market. However, 
the results of the randomised study showed that 


18 


M.P. Gupta and J. Raman 


patients with NYHA class III heart failure who 
underwent cardiomyoplasty received symptomatic 
benefit. 50 Unfortunately, the results of this study 
came too late to resurrect this procedure. 

2.3.2.3. Mitral Valve Annuloplasty 

Boiling and his colleagues from Ann Arbor, 
Michigan, have advocated an aggressive approach 
to patients with dilated cardiomyopathy and mitral 
regurgitation. They have shown good intermediate 
term results with mitral valve repair, usually in the 
form of a radical annuloplasty to reduce the size 
of the mitral annulus. 51 This works well only if 
the mechanism of de-compensation is moderate to 
severe mitral regurgitation. 

The Cleveland Clinic heart failure group, headed 
by Dr McCarthy, has reported good results with the 
Alfieri-type edge-to-edge mitral valve repair, along 
with an annuloplasty, in patients with mitral insuf- 
ficiency in the setting of a cardiomyopathy. 52 

2.3.2.4. Partial Left Ventriculotomy 
(Batista Procedure) 

As discussed previously, Dr Randas Batista was 
one of the first cardiac surgeons to demonstrate 
the beneficial possibilities of ventricular volume 
reduction surgery. Batista, working in a relatively 
impoverished area of Brazil, designed a procedure 
to reduce the size of dilated ventricles by resect- 
ing a portion of the left ventricular myocardium 
between the papillary muscles. He also advocated 
an Alfieri-type mitral valve repair. In 1997, he 
reported good results using this combined pro- 
cedure. 53 There has been a lot of interest in the 
procedure with McCarthy, from the Cleveland 
Clinic, performing a careful evaluation of its effi- 
cacy. His findings showed that, in spite of a sig- 
nificant early morbidity and mortality, patients who 
survived had significant improvement in haemody- 
namics and ventricular function in the short-term. 54 
Unfortunately, most patients had recurrent dilata- 
tion, which steadily progressed either to death or 
transplantation. 55 

2.3.2.5. Left Ventricular Aneurysm Repair 

Reconstruction of scarred left ventricles in the set- 
ting of large left ventricular aneurysms is being per- 
formed with increasing frequency. Left ventricular 


aneurysms may be large saccular thin-walled scars 
or small dyskinetic scarred segments. In either 
case there is usually underlying cardiac dilatation. 
Early repairs of left ventricular aneurysms were 
performed in a linear fashion, 56 producing distor- 
tion of an already abnormal ventricle and often 
marginal results. 57 The importance of maintaining 
a geometric shape similar to that of a ventricle was 
demonstrated by various groups and resulted in the 
development of endo-aneurysmorrhaphy. 58 

In 1989 Dor 59 showed that endo-ventricular 
patch repair had physiologic merit and Jatene 60 
demonstrated the importance of reducing the size of 
the defect after aneurysm resection. Late haemody- 
namic results are also favourable when patch repair 
of remodelled ventricular segments is performed in 
association with coronary artery grafting. 61 

In 1992 Dor went further and advocated recon- 
struction of post-ischaemic akinetic ventricular 
dilatation. 62 This was based on the observation 
that full-thickness scarring is prone to a vari- 
ety of unpleasant sequelae, such as calcification, 
dykinesis, Dressier syndrome, and progressive 
dilatation of the remaining ventricular cavity. 63 
A modification of this technique has also been 
developed for treatment of refractory ischaemic 
ventricular tachycardia by endo-ventricular patch 
plasty. 64 More recently, McCarthy reported on a 
series of patients undergoing 'cardiac reshaping' 
(which is akin to the Jatene procedure or the Dor 
procedure, but without the patch) for ischaemic 
dilated cardiomyopathy. This produced excellent 
results. 65 Buckberg is currently co-ordinating an 
international trial called SAVE (Surgical Anterior 
Ventricular Infarct Exclusion) to evaluate the effi- 
cacy of excluding the dyskinetic infarcted ante- 
rior segment of hearts in these patients. 66 Finally I 
would add that, to date, my personal experience 
with geometric endo-ventricular repair 67 has been 
very satisfactory in repairing anterior and inferior 
left ventricular scars. This technique incorporates 
features of the Cooley and the Dor repair without 
using a purse-string suture, but utilising a measured 
pericardial patch. 

Cardiac transplantation is the accepted gold 
standard treatment for selected patients with 
refractory heart failure. Despite a 10-year sur- 
vival of 65-70%, a shortage of donors means 
that it is available only for a very small subset of 
patients. 61. 
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2.3.3. Other Ancillary Therapies 

2.3.3.1. Pacing 

Pacing may be required to treat patients with symp- 
tomatic bradyarrhythmias or loss of atrioventricu- 
lar synchrony. These pacemakers should be dual 
chambered and rate responsive. 69 

Biventricular pacing is a promising new approach 
to re-synchronise cardiac contraction in patients 
with systolic heart failure and left bundle branch 
blocks. 70 This approach is the subject of many 
international trials. 

In selected patients with a propensity for ven- 
tricular arrhythmias, intra-cardiac cardioverter- 
defibrillator devices may be implanted, reducing 
the risks of out-of-hospital cardiac arrests. 71 

2.3.3.2. Exercise Training 

In the 1990s there were various groups that showed 
the efficacy of low-intensity exercise training in 
patients with CHE 72 On the basis of this experi- 
ence, some groups have shown improvement in 
muscle strength 73 and haemodynamics with resist- 
ance training. 74 Whatever the intensity or mode, there 
is enough body of evidence now suggesting the 
beneficial effects of exercise in heart failure, 75 76 
that most heart failure groups and clinics have an 
integrated programme that includes some form of 
physical exercise in addition to the general rehabili- 
tative measures as treatment in patients with CHF. 

2.4. Constraining the Heart — 
Prevention of Further Cardiac 
Dilatation 

While some of the procedures mentioned so far 
help to reduce the size of the dilating ventricles 
(apart from cardiomyoplasty) none of them actu- 
ally prevent further dilatation of the heart. In CHF, 
the natural tendency is for the heart to gradually 
enlarge over time. Our interest, then, was in devel- 
oping a technique for not only reducing but also 
containing the size of the ventricle. We therefore 
decided to study the concept of ventricular contain- 
ment based on what we thought was the presumed 
mechanism behind cardiomyoplasty. Fortunately 
there were a couple of papers that supported 
our premise that the muscle in myoplasty acted 


as a girdle 77 and that stimulation of the muscle 
actually gave it a bit of tension that improved 
the constraint. 78 Furthermore, a contemporaneous 
study reported good results using a goretex sheet 
wrapped around a dilating heart. 79 Raman and 
Power, working at the Austin Hospital, Melbourne, 
Australia, showed that this procedure could be 
adapted to various stages of progressive ventricular 
dilatation in an animal model, and this was adapted 
in human patients with encouraging results. 80 This 
proved the basis for various devices such as the 
Acorn cardiac support device, the Paracor device, 
etc, which will be discussed in Chapter 13. 


Key Points to Remember 
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The heart. . . moves of itself and does not stop unless for ever. 

Leonardo da Vinci (1452-1519) 


3.1. Introduction 

Heart failure is not a disease but a complex clinical 
syndrome representing the end-stage of a number 
of different cardiac diseases. It can result from any 
structural or functional cardiac disorder that impairs 
the ability of the ventricle to fill with or eject blood. 
It has been defined as a reduction in cardiac function 
such that cardiac output is reduced relative to the 
metabolic demands of the body and is associated 
with failure of compensating mechanisms. 

Heart failure is one of the leading causes of 
hospitalization in the United States, with 400,000- 
700,000 new cases diagnosed yearly. Most current 
therapeutic strategies are focused toward resolving 
the acute exacerbation of failure, resulting in a 
3-month readmission rate of 20% to 50% and a devas- 
tating 2-year mortality rate of 35-50%. 1,2 It currently 
affects more than five million people causing more 
than 700,000 deaths annually. Approximately a third 
of the heart failure patients are in New York Heart 
Association (NYHA) class UJ/IV (Table 3.1). The 
growing cost of caring for these patients approaches 
$50 billion per year. 3 

3.2. Pathophysiology 

Heart failure can be categorized by specific mecha- 
nisms and manifestations. Two basic classifications 
are backward failure, first proposed in 1832 by 
Hope, and forward failure, suggested by Mackenzie 
about 80 years later. Backward failure refers to accu- 
mulation of blood upstream from the failing ventri- 
cle. This is represented by pulmonary edema in the 


face of left ventricular failure or systemic venous 
congestion in the setting of right-sided heart failure. 
Forward failure refers to the inadequacy of blood 
delivery into the pulmonary or systemic circulation 
due to the diminished pumping action of the right 
or left ventricle, respectively. Although these two 
hemodynamic states can be separated in theory, 
they almost invariably occur together. Both systolic 
and diastolic dysfunction contribute to the clinical 
picture. Systolic failure is more familiar and refers 
to pump failure, whereas diastolic failure is due to 
the impaired ability of the ventricle to fill properly. 
Heart failure most commonly refers to left-sided 
heart failure. Isolated right-sided heart failure can 
predominate but a mixed picture is usually typical 
in the clinical setting. 4 

3.3. Underlying Conditions 

Underlying conditions that cause, exacerbate, or 
predispose to the development of heart failure 
should be identified and treated. 

3.3.1. Ischemic Heart Disease 

Coronary atherosclerosis is the commonest cause 
of cardiomyopathy in the United States, compris- 
ing 50-75% of patients with heart failure. In addi- 
tion, coronary disease may be present in patients 
with heart failure of other causes, and may some- 
times be overlooked as a contributing factor. 5 There 
are two mechanisms for heart failure in this set- 
ting: a prior myocardial infarction (MI) followed 
by left ventricular dysfunction and remodeling; or 
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Table 3.1. New York Heart Association (NYHA) functional classification of cardiac disability. 

I Presence of cardiac disease but without limitations in physical activity. Normal physical activity does not cause fatigue, palpita- 
tion, dyspnea, or angina. 

II Presence of cardiac disease with mild limitation of physical activity. Comfortable at rest but normal physical activity causes 
fatigue, palpitation, dyspnea, or angina. 

III Presence of cardiac disease with marked limitation of physical activity. Comfortable at rest but less than normal physical activity 
causes fatigue, palpitation, dyspnea, or angina. 

IV Presence of cardiac disease with inability to perform any physical activity without discomfort. Discomfort even at rest with 
worsening of symptoms if activity is undertaken. 


hibernating myocardium due to chronic but poten- 
tially reversible ischemic dysfunction. Patients 
with ischemic heart disease may have heart failure 
from one or both of these mechanisms. 6,7 


3.3.2. Valvular Heart Disease 

Valvular heart disease is the primary cause of 
heart failure in perhaps 10-12% of patients. 8 
Furthermore, valvular dysfunction is a secondary 
or superimposed phenomenon in many cases of 
heart failure. An example of this is that there is 
almost always some degree of mitral or tricuspid 
regurgitation in patients with severe dilated cardio- 
myopathy. 9 

Valvular dysfunction produces two forms of 
stress on the heart, volume overload and pressure 
overload. Both stresses result in increased 
cardiac afterload. Patients with valvular disease 
typically exhibit tremendous cardiac reserves. 
Because of the existence of various compensa- 
tory mechanisms, these patients can persist in 
an asymptomatic, well-compensated state until 
severe valvular and ventricular dysfunction has 
developed. In contrast, the patient developing 
acute valvular dysfunction without a period of 
gradual adaptation can rapidly succumb to severe 
heart failure. 4 

3.3.3. Other Factors 

Other potentially reversible conditions that can 
impair ventricular function and cause, or worsen, 
heart failure should also be evaluated. This includes, 
but is not limited to, hypertension, renovascular 
disease, and drug therapy (a list of these drugs is 
shown in Table 3.2). 10 


3.4. Evaluation of Patients 
with Heart Failure 

The approach to the patient with heart failure starts 
with the history and physical examination. Chest 
x-ray and a series of diagnostic tests are also used 
to establish the diagnosis, determine etiology, and 
assess acuity and severity. Recommendations for 
the evaluation of patients with heart failure were 
published in 2001 by an ACC/AHA Task Force and 
are shown in Table 3.3. 11 

As discussed previously, there are two major 
classes of symptoms in heart failure. First, backward 
failure leading to excess fluid accumulation, which 
results in dyspnea, edema, hepatic congestion, and 
ascites. Second, reduced cardiac output that is most 
pronounced with exertion, due to forward failure, 
causing fatigue and weakness. 

3.4.1. Presenting Symptoms 

The presenting symptoms are important in deter- 
mining the acuity of heart failure. Acute and suba- 
cute presentations (days to weeks) are characterized 
primarily by dyspnea at rest and/or exertion. Other 
specialized forms of dyspnea, such as orthopnea 
and paroxysmal nocturnal dyspnea, are also com- 
mon. Right heart failure and tachyarryhthmias may 
be present, resulting in symptomatology of hepatic 
congestion and palpitations, respectively. 

Chronic presentations (months) differ in that 
fatigue, anorexia, bowel distention, and peripheral 
edema may be more pronounced than dyspnea. 
This is because pulmonary venous capacitance 
adapts to the chronic volume overload leading to 
less fluid accumulation in the alveoli, despite the 
increase in total lung water. 
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Table 3.2. Drugs associated with increased risk of adverse effects in patients with heart failure. 


Drug class/Drug 


Adverse effect(s) 


Anti-inflammatory medications 
Corticosteroids 

Nonsteroidal anti-inflammatory 
drugs 

Cardiovascular medications 
Class I antiarrhythmic agents 
Sotalol 
Ibutilide 
Minoxidil 

Calcium channel blockers 
Diabetes medications 

Metformin 

Thiazolidinediones 
Hematologic medications 

Anagrelide 

Cilostazol 
Neurologic and psychiatric medications 
Amphetamines 
Carbamazepine 
Clozapine 
Ergot alkaloids 
Pergolide 

Tricyclic antidepressants 
Miscellaneous 
Beta-2 agonists 


Sodium and fluid retention 

Sodium and fluid retention; blunted response with diuretics; 
increased systemic vascular resistance 

Negative inotropy; proarrhythmia 

Proarrhythmia 

Proarrhythmia 

Fluid retention; neurohumeral activation 
Negative inotropy; neurohumeral activation 

Lactic acidosis 
Fluid retention 

Phosphodiesterase inhibitor; palpiations; tachycardia; induction 

or exacerbation of heart failure 
Phosphodiesterase inhibitor; ventricular tachyarrthmias 

Sympathetic agonist activity; hypertension; tachycardia; 
Negative inotropic effect; bradyarrhythmias 
Development of myocarditis and cardiomyopathy 
Sympathetic agonist activity; valve fibrosis 
Valve fibrosis 

Negative inotropic effect; proarrhythmia 

Sympathetic agonist activity; tachyarrhythmias; hypokalemia 


Table 3.3. Stages in the evolution of heart failure and recommended therapy by stage." 
Stage A 

At high risk for heart failure but without symptoms 
or structural heart disease 


Stage B 

Structural heart disease but without symptoms 
Stage C 

Structural heart disease with prior or 
current symptoms of heart failure 


Stage D 

Advanced heart disease and severe symptoms at rest 
despite maximal therapy. Refractory heart failure 
requiring specialized interventions 


Treat hypertension 
Encourage smoking cessation 
Treat lipid disorders 
Encourage regular exercise 
Discourage alcohol intake or illicit drug use 
Angiotensin-converting enzyme inhibition in appropriate patients 

Apply all measures used for Stage A 
Beta-blockers in appropriate patients 

Apply all measures used in Stage A 

Drags for routine use: Angiotensin-converting enzyme inhibitors 

Beta-blockers 

Digitalis 
Dietary salt restriction 

Apply all measures used in Stages A, B, and C 
Mechanical assist devices 
Heart transplantation 

Continuous intravenous inotropic infusions for palliation 
Hospice care 
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3.4.2. History 

Although history alone is insufficient to make the 
diagnosis of heart failure, 1213 it remains the single 
best discriminator to determine the acuity and 
rate of progression of heart failure. It also often 
provides important clues to the etiology of heart 
failure. 

3.4.3. Physical Examination 

Physical examination can provide important infor- 
mation concerning the degree of volume overload, 
ventricular enlargement, pulmonary hypertension, 
and reduced cardiac output. 

3.4.4. Investigations 

A standard workup should include blood tests, 
a chest x-ray, and electrocardiogram on all 
patients. The presence of pulmonary vascular 
congestion and cardiomegaly on chest x-ray sup- 
port the diagnosis of heart failure. Chest x-ray is 
also useful for ruling out pulmonary disease in 
patients who present with dyspnea. 14-16 A normal 
electrocardiogram is unusual in patients with 
symptomatic systolic dysfunction (98% negative 
predictive value). 17 

Echocardiography should be performed on all 
patients with new onset of heart failure. It is one 
of the most useful noninvasive tools available in 
aiding the management of heart failure. In addition 
to having a high sensitivity and specificity for 
the diagnosis of heart failure (80% and 100%, 
respectively), 18 it can also detect other impor- 
tant findings. Regional wall motion assessment 
using dobutamine stress echocardiography may 
increase the ability to distinguish between ischemic 
and nonischemic dilated cardiomyopathy. 19 This 
technique is also useful in predicting recovery of 
cardiac function. 20,21 Echocardiography can also 
detect pericardial thickening, valvular heart disease, 
presence of thrombi, abnormal myocardial texture, 
chamber size and function, as well as measuring 
cardiac output using pulsed-wave Doppler. 

Virtually all patients with unexplained heart 
failure should be evaluated for the presence of 
ischemic heart disease, as it is not an uncommon 
cause of dilated cardiomyopathy. 5 - 22 This can be 
done using several techniques. 


Noninvasive exercise testing not only provides 
information about the existence of ischemic heart 
disease but can also be used for risk stratifica- 
tion and prognostic purposes. Measurement of 
the maximal oxygen uptake (V0 2m ) provides an 
objective estimate of the functional severity of the 
myocardial dysfunction. 

Coronary catheterization with angiography is 
indicated in patients with angina or a positive 
exercise stress test. However, even in patients with 
a normal exercise stress test, who otherwise have 
unexplained heart failure, cardiac catheterization 
should strongly be considered. The ACC/AHA 
Committee on Coronary Angiography has pub- 
lished recommendations for the use of coronary 
angiography in patients with heart failure as shown 
in Table 3.4. 23 It may also detect and grade the 
underlying valvular heart disease, which may 
contribute to the symptomatology of heart failure. 

The role of endomyocardial biopsy in discovering 
the etiology of dilated cardiomyopathy is not well 
defined. The yield for clinically useful information 
not obtainable without biopsy is low. 22,24,25 Hence, 
it should be reserved for patients with suspected 
systemic diseases known to affect the myocar- 
dium, including hemochromatosis, amyloidosis, 
and sarcoidosis. 

3.5. Current Management 
Strategies 

Traditionally, heart failure has been thought to be 
secondary to impaired left ventricular function. 
This would imply that contractile failure causes 
systolic dysfunction. However, it is currently 
thought that systolic dysfunction is secondary to a 
structural increase in ventricular chamber volume. 
Hence, instead of chamber dilatation occurring 
as a result of contractile failure, it happens as 
an early response to reduced wall motion, which 
is necessary to generate a normal stroke volume 
from a larger end-diastolic volume. As a result, 
alterations in chamber length and shape, which 
are not related to a preload-mandated increase in 
sarcomere length, occur. This pathologic change 
is termed remodeling. As the heart remodels 
and dilates, the radius of curvature increases. 
According to LaPlace's law, this results in greater 
wall tension that increases myocardial oxygen 
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Table 3.4. Recommendations for use of coronary angiography in patients with heart failure (HF). 
Class I 

1. HF due to systolic dysfunction with angina or with regional wall motion abnormalities and/or scintigraphic 
evidence or reversible myocardial ischemia when revascularization is being considered. 

2. Before cardiac transplantation. 

3. HF secondary to postinfarction ventricular aneurysm or other mechanical complications of myocardial inf- 
arction (MI). 

Class Ha 

1 . Systolic dysfunction with unexplained cause despite noninvasive testing. 

2. Normal systolic function, but episodic heart failure raises suspicion of ischemically mediated left ventricular 
dysfunction. 

Class HI 

1 . HF with previous coronary angiograms showing normal coronary arteries, with no new evidence to suggest 

ischemic heart disease. 
ACC/AHA classification 

Class I: Conditions for which there is evidence and/or general agreement that a given procedure or treatment 
is useful and effective. 

Class II: Conditions for which there is conflicting evidence and/or a divergence of opinion about the useful- 
ness/efficacy of a procedure or treatment 
Class Ha: Weight of evidence/opinion is in favor of usefulness/efficacy. 
Class lib: Usefulness/efficacy less well established by evidence/opinion. 

Class III: Conditions for which there is evidence and/or general agreement that the procedure/treatment is not 
useful and in some cases may be harmful. 


consumption, decreases subendocardial blood 
flow, impairs energetics, and increases arrhyth- 
mias. Overall, the degree of remodeling correlates 
directly with poor prognosis. 26 According to this 
view, remodeling, not contractile failure, is the 
key to the severity of reduced ejection fraction 
and poor prognosis. Fortunately, some aspects of 
the remodeling process have been shown to be 
reversible. 27-32 

Tremendous progress has been made over the 
past 20 years in the management of heart failure. 
For many years, medical management has remained 
the mainstay of therapy. Current pharmacologi- 
cal therapies that improve mortality can inhibit 
progressive chamber remodeling and improve sur- 
vival. A number of drugs are commonly used in 
heart failure for symptom relief and improve- 
ment of outcome. There have been several large 
trials that demonstrated improved mortality, left 
ventricular function, long-term outcomes, and 
decreased hospitalization rate with the adminis- 
tration of angiotensin-converting enzyme (ACE) 
inhibitors 33-35 and new generation beta-blockers. 36- 
40 Further data suggest that the survival benefits can 
be attributed to the reversed remodeling properties 
of these drug groups. 41-43 


Nevertheless, despite significant advances in the 
pharmacological support of the failing heart, the 
results are far from perfect. Mortality remains high 
and hospitalization costly. Surgical management is 
still required forpatients with end-stage heart failure. 
Unfortunately, its evolution has occurred in a less 
structured fashion. Heart transplantation remains 
the treatment of choice for many patients with 
end-stage heart failure who remain symptomatic 
despite optimal medical therapy. Similar to other 
forms of transplantation, the persistent shortage of 
donor hearts and strict selection criteria continue 
to limit the annual growth of this approach. Thus, 
heart transplantation is not an available option for 
most patients with heart failure and continues to be 
performed only at large, highly specialized medical 
centers. 

3.6. Surgical Management 
of Heart Failure 

Surgical techniques employed for end-stage 
heart failure are under active investigation. 
Although large randomized multicenter trials are 
unusual in this field, important progress is being 
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made. Specialized strategies considered include 
implantation of pacemakers, coronary revascu- 
larization, left ventricular reconstruction, mitral 
valve repair, cardiomyoplasty, and mechanical 
circulatory support. 

3.6.1. Pacemaker Implantation 

General indications for pacemaker implantation 
include patients with chronic atrial fibrillation 
who require atrioventricular nodal ablation for rate 
control and symptomatic bradycardias. The use of 
biventricular (BiV) pacemakers, termed resynchro- 
nization therapy, can improve symptoms in some 
patients with moderate to severe heart failure. 4445 
As a result of this, BiV pacing has been approved 
by the USFDA as a treatment for moderate to 
severe heart failure. However, it has not determined 
when BiV pacing should be used. This is due to 
potential concerns, which include a small risk of 
serious complications occurring during implanta- 
tion 44 and a lack of long-term data. 11 It is also not 
known if these devices should routinely be used 
with an implantable defibrillator. 

3.6.2. Left Ventricular Reconstruction 

In heart failure, both ventricular enlargement, result- 
ing from damaged myocardium, and a ventricular 
aneurysm, which can develop after a heart attack, 
can compromise the heart's ability to produce 
a strong contraction and leads to a decrease in 
cardiac output. Batista et al. first introduced the 
concept of surgically reversing this process, partial 
left ventriculectomy, for patients with NYHA 
class IV idiopathic dilated cardiomyopathies in 
1996. They described a procedure that involved 
resection of normal muscle between both papillary 
muscles and extending from the apex to the mitral 
annulus. The mitral valve was either preserved, 
repaired, or replaced depending on the amount 
of tissue removed. This restored the ventricle to a 
more normal volume/mass/diameter relationship. 46 
The reduction in ventricular diameter, according 
to LaPlace's law, results in decreased ventricular 
wall tension and possibly a more uniform pattern 
of contraction/relaxation, thus improving systo- 
lic performance. 4748 Although many patients ini- 
tially improved markedly, 47,49 " 55 the perioperative 
mortality was high and many patients redilated 49,56 


with a high recurrence rate of symptomatic heart 
failure. 5155,57 As a consequence, overall enthusiasm 
for the procedure has waned. 

The newer surgical modalities for cardiomy- 
opathy have benefited from the lessons learned in 
the treatment of left ventricular aneurysms. The 
Dor procedure is an approach to surgical recon- 
struction in the setting of postinfarction aneurysm 
formation. 58 Prior to the development of the Dor 
procedure, surgical treatment for postinfarction 
aneurysms involved removal of the aneurysmal area 
and reapproximation of the viable wall (endoaneu- 
rysmorraphy) in an attempt to restore left ventricu- 
lar geometry. However, this approach has not been 
found to improve left ventricular performance. 59 
In the Dor procedure, also called endoventricular 
circular patch plasty (EVCPP), a purse-string stitch 
is placed around the circumference of the nonviable 
scarred aneurysm to minimize the excluded area. 
The size of the scar is more important than whether 
it is akinetic or dyskinetic. Larger scars may yield 
a greater improvement in left ventricular ejection 
fraction (LVEF) but have a significantly higher 
perioperative mortality rate (12% versus 2.2% for a 
small scar). The residual defect is then covered with 
a Dacron, pericardium, or an autologous tissue flap. 
This operation shortens the long axis, leaving the 
short axis length unchanged, producing an increase 
in ventricular diastolic sphericity while the systolic 
shape becomes more elliptical. 60,61 This results in 
a more normal geometry and improved systolic 
performance. The overall operative mortality in the 
first patients who underwent the Dor procedure was 
8%. Operative mortality was higher when surgical 
repair was performed urgently 16.3% compared to 
6.2% when it was planned. 62 The overall improve- 
ment in LVEF was maintained at 1 year. Also, there 
was a reduction in the end-diastolic volume index 
and symptomatic heart failure status improved by 
92%. 63 

A modification of the Dor procedure, surgical 
anterior ventricular endocardial restoration 
(SAVER), consists of exclusion of noncontracting 
segments in the dilated remodeled ventricle after 
an anterior MI. The efficacy of this approach was 
evaluated in the multicenter RESTORE trial; 89% 
also underwent bypass grafting and 26% had mitral 
valve repair or replacement. It revealed a signifi- 
cant reduction in left ventricular end-systolic vol- 
ume index and an increase in LVEF from 29% to 
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39%. 62 Furthermore, it has been noted that the Dor 
procedure ameliorates mitral regurgitation (MR) in 
a majority of cases even in the absence of associ- 
ated mitral valve procedures, probably due to the 
reduction in the size of the ventricle and improved 
orientation of the papillary muscles. 64 The choice 
of the beating-heart approach or continuous aortic 
cross-clamp plays little to no role in postoperative 
outcome. Furthermore, the added ischemic time 
associated with continuous cross-clamp is out- 
weighed by the potential benefits. 65 Cope et al. 
conducted a cost comparison of heart transplanta- 
tion versus alternative operations for cardiomyopa- 
thy in 2001. 66 This study compared the cost and 
survival among patients who have undergone heart 
transplantation, isolated coronary artery bypass 
grafting (CABG), mitral valve replacement, and 
the Dor procedure. It was noted that the total 
cost of heart transplantation, which included the 
procurement costs, was significantly higher. 
The cost was comparable among the other three 
groups. The operative survival was similar among 
the four groups. Thus, ventricular reconstructive 
surgery is a practical alternative to heart transplan- 
tation in select patients. Recommendations for the 
indications for ventricular reconstructive surgery 
have been proposed in a 2002 review as shown in 
Table 3.5. 63 

3.6.3. Mitral Valve Repair 

Mitral regurgitation (MR) is often a complica- 
tion of end-stage cardiomyopathy. It can result 
from dilatation of the mitral annular-ventricular 
apparatus with altered geometry and ischemic 
papillary muscle dysfunction. 6768 Although the 
teaching for decades has been that closing off 


Table 3.5. Indications for ventricular reconstructive 
surgery. 

1 . Anteroseptal myocardial infarction (MI), with dilated left 
ventricle (end-diastolic volume index > 100ml/m 2 ), and 

2. Depressed left ventricular ejection fraction (LVEF) (even 
under 20%), and 

3. Left ventricular regional dyskinesis or akinesis of greater than 
30% of the ventricular perimeter, and 

4. At least one of the following: 

a) symptoms of heart failure 

b) arrhythmias 

c) ischemia on provocative tests in asymptomatic patients 


the mitral valve leak removes the "pop-off valve 
and is associated with an unacceptable surgical 
death rate, it is important to keep in mind that the 
regurgitation of blood into the left atrium leads to 
a cycle of more volume overload, which can lead 
to progressive annular dilatation, worsened MR, 
and more severe symptoms of congestive heart 
failure. 69 Severe MR in patients with ischemic car- 
diomyopathy is a difficult management issue. Not 
only do these patients have worsened symptoms, 
but they also have an increased death rate. The 
reported 1-year survival rate for medical therapy in 
this subset of patients is less than 20%. 70 Among 
patients with significant (>2+) secondary MR, 
mitral valve repair should be considered in NYHA 
class III/IV patients with dilated cardiomyopa- 
thies. 3 Several studies have shown that mitral valve 
repair in patients with end-stage cardiomyopathy 
is not only feasible but also improves ventricular 
function and overall survival. 70-75 If mitral valve 
repair is not possible, it is essential that mitral 
valve replacement be performed with retention of 
the subchordal attachments. Preservation of both the 
anterior and posterior chorded attachments to the papil- 
lary muscles helps to maintain normal ventricular 
geometry and function following mitral valve 
replacement. 76-79 Most of these studies, however, 
have dealt with mitral valve repairs in patients with 
nonischemic dilated cardiomyopathy. 

Ischemic MR seems to be more complex. 
Often the posterior leaflet becomes function- 
ally restricted owing to ventricular enlargement. 
Patients with severe MR secondary to ischemic 
cardiomyopathy have two separate pathophysi- 
ologies that not only augment pump failure but 
also need to be each dealt with separately surgi- 
cally. The surgical management of these patients, 
particularly those requiring both mitral valve 
surgery and concomitant CABG, has traditionally 
been associated with an increased surgical risk. 80 
Clearly these patients represent a substantial 
increased surgical risk compared with patients 
undergoing either CABG or mitral valve surgery 
alone. 72 Fortunately, with the advances in myo- 
cardial protection and surgical techniques, some 
of these more difficult patients are now not only 
at a lower surgical risk but also are experienc- 
ing improvements in their symptomatic status. 
A more recent study concluded that concomitant 
CABG and mitral valve repair compare favorably 


30 


I.L. Kron et al. 


to both CABG alone and cardiac transplantation, 
thus offering a reasonable alternative for this 
patient population. 81 

3.6.4. Surgical Revascularization 

Heart failure resulting from coronary artery dis- 
ease (CAD) is usually due to MI and subsequent 
ventricular remodeling. When the ischemia is 
chronic, the recoverable or viable myocardium is 
termed "hibernating" but when the insult is transient 
that myocardium is described as "stunned." The 
impaired left ventricular function in these patients 
is not entirely an irreversible process, if hibernating 
myocardium is in part responsible to the decline 
in myocardial function. About 40% of segments 
involved in MI may subsequently recover, either 
spontaneously or after revascularization. Also, 
LVEF may improve markedly, and even normal- 
ize, in subsets of patients following successful 
revascularization. 82 - 83 Patients with documented 
viability by thallium perfusion imaging, PET 
scanning, or dobutamine echocardiography had 
significant 80% reduction in annual mortality with 
revascularization. There was a direct relationship 
between severity of left ventricular dysfunction 
and magnitude of benefit. In contrast, there was 
no difference in outcome with revascularization or 
medical therapy in patients without viability. 7 

Surgical revascularization for patients with 
ejection fractions of <20% to recruit hibernating 
myocardium is now becoming commonplace. 84 
These patients are generally sicker with more 
preoperative risk factors. However, despite 
increased hospital mortality of about 4-6%, they 
enjoy 90% 1-year survival and 64% 5-year sur- 
vival. 85 Patients with ischemic cardiomyopathy, 
evidenced by viable myocardium, and bypassable 
vessels can be revascularized with permissible 
risk, achieving 88% perioperative survival with 
72% of patients alive at 1 year. These results are 
reproducible and have been reported by different 
authors. 86 " 89 

It is commonly believed that patients with both 
ischemic cardiomyopathy and significant left ven- 
tricular dilatation should undergo transplantation 
secondary to poor outcome after CABG. 90 However, 
Aziz and associates 91 addressed this issue by com- 
paring the outcomes of cardiac transplantation 
between patients with ischemic cardiomyopathy 
and those with idiopathic cardiomyopathy. 


Although the operative mortality between the two 
groups was essentially the same (1 1.2% and 10.6%, 
respectively), the 10-year survival was remarkably 
different (39% and 80%, respectively). Hence, 
the decision to operate on patients with severely 
depressed left ventricular function is not straight- 
forward. There are excellent short-term results with 
CABG alone but inferior midterm results compared 
with CABG plus ventricular remodeling. 92 

3.6.5. PTCA Versus CABG 

The usefulness of angioplasty depends upon the pat- 
tern and extent of arterial narrowing. Angioplasty 
is often recommended over bypass surgery when 
arterial narrowing is mild or moderate and when 
only one or two coronary arteries are narrowed. It 
is more effective in patients who do not have diabe- 
tes mellitus. Patients with diabetes appear to have 
a greater benefit from CABG, especially in the set- 
ting of multivessel, multilesion, or severe CAD. 93 

Recommendations for revascularization for 
patients with native-vessel CAD by the ACC/ 
AHA/ACP-ASIM are shown in Table 3.6. 94 These 
recommendations were ratified again in the 2002 
update. 

The randomized trials of initial medical treatment 
versus initial surgery showed that patients with 
left main stenosis greater than 69% and those 
with multivessel CAD with a proximal left ante- 
rior descending artery stenosis greater than 69% 
have a better late survival rate if they have coro- 
nary bypass surgery. Because the randomized 
trials of percutaneous transluminal coronary angi- 
oplasty (PTCA) versus bypass surgery included an 
inadequate number of patients in these high-risk 
subsets, it cannot be assumed that the alternative 
strategy of PTCA produces equivalent late survival 
in such patients. 

Meta-analysis of the randomized trials of medical 
management versus CABG have further indicated 
that patients without severe symptoms but with a 
proximal left anterior descending artery lesion have 
a better survival rate with surgery, even if they have 
normal left ventricular function and only 1 -vessel 
disease. For these patients, data from the PTCA 
versus CABG trials appear to show that, at least for 
the first 5 years, the alternative revascularization 
strategy of PTCA does not compromise survival 
for patients who are good angiographic candidates 
for PTCA. 94 
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Table 3.6. Recommendations for revascularization with percutaneous transluminal coronary angioplasty (PTCA) 
and coronary artery bypass graft (CABG) in patients with stable angina. 

Class I 

1. CABG for patients with significant left main coronary disease. 

2. CABG for patients with 3-vessel disease. The survival benefit is greater in patients with abnormal left ventricular (LV) function 
(ejection fraction < 50%). 

3. CABG for patients with 2-vessel disease with significant proximal left anterior descending coronary artery disease (CAD) and 
either abnormal LV function (ejection fraction < 50%) or demonstrable ischemia on noninvasive testing. 

4. PTCA for patients with 2- or 3-vessel disease with significant proximal left anterior descending CAD, who have anatomy suitable 
for catheter-based therapy, normal LV function, and who do not have treated diabetes. 

5. PTCA or CABG for patients with 1- or 2-vessel CAD without significant proximal left anterior descending CAD but with a large 
area of viable myocardium and high-risk criteria on noninvasive testing. 

6. CABG for patients with 1- or 2-vessel CAD without significant proximal left anterior descending CAD who have survived sudden 
cardiac death or sustained ventricular tachycardia. 

7. In patients with prior PTCA, CABG, or PTCA for recurrent stenosis associated with a large area of viable myocardium and/or 
high-risk criteria on noninvasive testing. 

8. PTCA or CABG for patients who have not been successfully treated by medical therapy and can undergo revascularization with 
acceptable risk. 

Class Ha 

1 . Repeat CABG for patients with multiple saphenous vein graft stenoses, especially when there is significant stenosis of a graft sup- 
plying the left anterior descending coronary artery. PTCA may be appropriate for focal saphenous vein graft lesions or multiple 
stenoses in poor candidates for reoperative surgery. 

2. PTCA or CABG for patients with 1- or 2-vessel CAD without significant proximal left anterior descending CAD but with a 
moderate area of viable myocardium and demonstrable ischemia on noninvasive testing. 

3. PTCA or CABG for patients with 1-vessel disease with significant proximal left anterior descending CAD. 

Class lib 

1. Compared with CABG, PTCA for patients with 3- or 2-vessel disease with significant proximal left anterior descending CAD 
who have anatomy suitable for catheter-based therapy and who have treated diabetes or abnormal LV function. 

2. PTCA for patients with significant left main coronary disease who are not candidates for CABG. 

3. PTCA for patients with 1- or 2-vessel CAD without significant proximal left anterior descending CAD who have survived sudden 
cardiac death or sustained ventricular tachycardia. 

Class III 

1. PTCA or CABG for patients with 1- or 2-vessel CAD without significant proximal left anterior descending CAD who have mild 
symptoms that are unlikely due to myocardial ischemia or have not received an adequate trial of medical therapy and 

a) Have only a small area of viable myocardium or 

b) Have no demonstrable ischemia on noninvasive testing. 

2. PTCA or CABG for patients with borderline coronary stenoses (50-60% diameter in locations other than the left main) and no 
demonstrable ischemia on noninvasive testing. 

3. PTCA or CABG for patients with insignificant coronary stenosis (<50% diameter). 

4. PTCA in patients with significant left main CAD who are candidates for CABG. 

Note: PTCA is used in these recommendations to indicate PTCA and/or other catheter-based techniques such as stents, atherectomy, 
and laser therapy. 
ACC/AHA classification 

Class I: Conditions for which there is evidence and/or general agreement that a given procedure or treatment is useful and effective. 
Class II: Conditions for which there is conflicting evidence and/or a divergence of opinion about the usefulness/efficacy of a 

procedure or treatment. 
Class Ha: Weight of evidence/opinion is in favor of usefulness/efficacy. 
Class lib: Usefulness/efficacy less well established by evidence/opinion. 

Class III: Conditions for which there is evidence and/or general agreement that the procedure/treatment is not useful and in some 
cases may be harmful. 

Reproduced with permission from Gibbons RJ, Chatterjee K, Daley J, et al. 94 Copyright © 2007 Elsevier B.V. All rights reserved. 


3.6.6. Mechanical Circulatory Support 

Circulatory assist devices were initially designed 
to support patients in hemodynamic collapse. 
Currently, they can be used in a wide range 


of clinical conditions including refractory heart 
failure. It is an established therapy as a bridge to 
transplantation with 70% of patients successfully 
transplanted after implantation of a left ventricular 
assist device. 3 These devices allow patients to be 
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sent home while awaiting a suitable donor heart. 
They also allow these patients to be mobile and 
rehabilitated prior to their transplantation. 

Ventricular assist devices have many beneficial 
effects on myocardial function, which includes 
improvement in contractile performance, reversal of 
the downregulation of beta-receptors seen in heart 
failure, and normalization of chamber geometry 
with a reduction in myocardial fibrosis. 95-98 

These devices can be divided into four main 
categories. 

3.6.6.1. Counterpulsation Devices 
(Intra-Aortic Balloon Pump) 

This is the most commonly used mechanical 
support that has had a long record of success. It is 
simple in design, easy to use, and least expensive. 
This type of device is of limited use, however, 
in patients with significant peripheral vascular 
disease, those with aortic dissections, and those 
with significant aortic regurgitation. 

3. 6. 6. 2. Cardiopulmonary Assist Device 

This has limited use outside the cardiac catheteri- 
zation laboratory. It provides full cardiopulmonary 
support analogous to that provided by bypass 
during cardiac surgery. 

3.6.6.3. Left Ventricular Assist Devices 

These can be further divided into intermediate and 
long-term devices. The intermediate -term devices 
can be thought of as true bridges to transplantation. 
They are intended to be removed during transplan- 
tation and are not designed for chronic, permanent 
support. 99 

Long-term devices were designed as replacement 
therapy for patients with heart failure. Although they 
are FDA approved as a bridge to transplantation, 
patients with severe disease who are not eligible 
for transplantation have improved survival with 
long-term left ventricular assist devices compared 
to optimal medical therapy alone. 100 

3. 6. 6. 4. Total Artificial Heart 

Another type of mechanical device is the total 
artificial heart. It is inserted orthotopically accom- 
panied by the removal of the patient's own 
ventricles. A study in 2004 101 found that patients 


supported with the total artificial heart, compared 
to controls, had a significantly higher rate of sur- 
vival to transplantation (79% versus 46%) and 
of overall survival at 1 year (70% versus 31%). 
Complications, which include infection, throm- 
boembolism, and bleeding, were frequent but 
deemed to have only affected the outcome in a 
minority of patients. 

Mechanical devices with increased longevity 
are currently in trial or development. These may 
obviate the need for heart transplantation in the 
future for a significant number of patients. 

3.6.7. Cardiomyoplasty 

Dynamic cardiomyoplasty is a procedure in which 
skeletal muscles are taken from a patient's back 
or abdomen, wrapped around an ailing heart, and 
paced during ventricular systole. This procedure 
is experimental and performed only in limited 
numbers. Some studies have shown that in patients 
undergoing this procedure, the operative mortal- 
ity decreased and there was an improvement in 
symptoms. 102 However, long-term outcome data 
with cardiomyoplasty are limited and its future for 
chronic heart failure remains uncertain. 103 


3.6.8. Mechanical Inhibition of Dilatation 

The Acorn CorCap cardiac support device is a 
simple, yet profound, new investigational strategy 
for treating moderate heart failure. It is intended to 
be an adjunctive therapy with standard medical and 
surgical heart failure management for patients with 
dilated cardiomyopathy. The biocompatible, mesh- 
like jacket is drawn up and anchored around the 
ventricles. By supporting the heart and reducing 
stress-mediated myocardial stretch, left ventricular 
dilatation is limited with improvement in LVEF. 
Preliminary data suggest that the device produces 
an improvement in heart failure symptoms, LVEF, 
end-diastolic and end-systolic dimensions, and 
quality of life. 104 

3.6.9. Cardiac Transplantation 

Cardiac transplantation is the treatment of 
choice for many patients with end-stage heart 
failure who remain symptomatic despite optimal 
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medical therapy. It can improve both survival 
and quality of life in this patient population. In 
1999, the International Society for Heart and Lung 
Transplantation reported that there was annual 
mortality rate of approximately 4% after the first 
year of heart transplantation. The survival rate was 
79% at 1 year and 50% at 8.8 years overall. 105 

Patients who should be considered for heart 
transplantation are listed in Table 3. 7. 106 The 
main indications are to improve survival and to 
enhance the quality of life. This benefit is easy to 
demonstrate in the moribund, hospitalized patients, 
but is less clear in many ambulatory patients. In 
keeping with the recommendations from the ACC/ 
AHA Task Force, 11 the minimum requirements 
for consideration for cardiac transplantation are as 
follows: 

A history of repeated hospitalizations for heart 
failure 

Escalation of intensity for medical therapy 
A reproducible V0 2m of less than 14ml/kg/min 
is a relative indication, while a VO, of less 

2max 

than lOml/kg/min is an absolute indication in 
otherwise appropriate candidates 

Other indications recommended by the ACC/ AHA 
Tack Force include the following: 

Refractory cardiogenic shock 
Continued dependence on intravenous inotropes to 
maintain adequate organ perfusion 


Severe symptoms of ischemia that limit routine 
activity and are not amenable to revascularization 
(absolute indication) or recurrent unstable angina 
not amenable to other intervention (relative 
indication) 

Severe symptomatic ventricular arrhythmias refrac- 
tory to all therapies 


3.7. Summary 

To summarize, the surgical management for 
patients with heart failure can be divided into two 
broad categories based on the type of underlying 
cardiomyopathy. Hence, care must be taken to 
accurately diagnose these patients as either hav- 
ing dilated cardiomyopathy or ischemic cardio- 
myopathy. There are not many surgical options 
available for dilated cardiomyopathy. If maximal 
medical therapy, which includes BiV pacing 
for a widened QRS complex, has failed, these 
patients are usually referred for cardiac trans- 
plant evaluation. Mitral valve repair is performed 
in these patients, for MR of 2+ or greater, if they 
are appropriate surgical candidates. The role of 
the various cardiac wraps still remains unclear. 
Ventricular assist devices can be used here as a 
bridge to transplantation if the patient becomes 
unstable. 


Table 3.7. Criteria for patients with heart disease considered for cardiac transplantation who do not respond to 
maximal medical therapy. 106 

A. Systolic heart failure as defined by left ventricular ejection fraction (LVEF) <35% 
Excluded etiologies 

1 ) Amyloid 

2) Human immunodeficiency virus (HIV) 

3) Cardiac sarcoma 

B. Ischemic heart disease with intractable angina 

1) Not amenable to coronary artery bypass graft (CABG) or percutaneous coronary intervention 

2) Maximal tolerated medical therapy not effective 

3) Rejected for direct myocardial revascularization or transmyocardial revascularization or the procedure attempted was 
unsuccessful 

C. Intractable arrhythmia that is uncontrolled with implantable cardioverter-defibrilattor 

1 ) Not amenable to electrophy siologic-guided single or combination medical therapy 

2) Not a candidate for ablative therapy 

D. Hypertrophic cardiomyopathy with NYHA class IV symptoms that persist despite maximal therapy 

1) Alcohol injection 

2) Myomectomy 

3) Mitral valve replacement 

4) Pacemaker therapy 

E. Congenital heart disease in which fixed pulmonary hypertension is not a complication 
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The surgical management of heart failure due 
to ischemic cardiomyopathy is more complex. 
Treatment options depend on the size of the ven- 
tricles and the presence or absence of MR. As in 
patients with dilated cardiomyopathy, mitral valve 
repair is warranted for patients with MR of 2+ or 
greater. Patients with ischemic cardiomyopathy 
who have no valve pathology should have a CABG, 
if there is viable myocardium and graftable vessels. 


However, the Dor procedure should be performed 
concurrently with CABG if these patients also 
have enlarged ventricles with anterior akinesia or 
dyskinesia. Cardiac transplantation is reserved for 
failure of the above strategies or if there is insuf- 
ficient viable myocardium (Figure 3.1). 

Heart failure is a major cause of mortality and 
morbidity in the United States. Although medi- 
cal treatment in improving, a substantially large 


Dilated 
Cardiomyopathy 


(Ischemic 
Cardiomyopathy 



* Includes biventricular pacing in presence of widened QRS complex 

* * Insufficient data presently to support this approach 
A Mitral regurgitation 

Refer for cardiac transplant evaluation if failure of surgical strategy 

Figure 3.1. Algorithm for surgical management of heart failure. The asterisk indicates that it includes biventricular 
pacing in presence of widened QRS complex. The double asterisks indicates insufficient data presently to support 
this approach. The caret indicates mitral regurgitation (MR). Refer for cardiac transplant evaluation if failure of 
surgical strategy. 
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proportion of patients with heart failure should be 
considered for more advanced therapies. An aggres- 
sive approach to surgical revascularization, correction 
of mitral insufficiency, or reversal of left ventricular 
remodeling should be considered in any patient who 
has exhausted pharmacologic therapy. Such proce- 
dures should be performed in large dedicated centers 
that have specialized expertise with these therapies in 
patients with end-stage heart failure. 


Key Points to Remember 
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Advanced Heart Failure: 

Transplant vs Nontransplant Surgical Options 

Stephen Westaby and Gabriele Bertoni 


4.1. Introduction 

Advanced heart failure is a desperately debilitating 
and frightening condition. Successful interven- 
tion in acute coronary syndromes together with 
improved management of idiopathic dilated 
cardiomyopathy and dysrhythmia provide an 
ever-increasing number of advanced heart failure 
patients spread over a wide age range. Young 
adults with surgically palliated congenital heart 
disease enter the lower end of the spectrum. Many 
patients have relentlessly worsening symptoms 
and very poor quality of life. 

Ten percent of heart failure patients are cat- 
egorized Stage D [New York Heart Association 
(NYHA) class IV] with advanced structural heart 
disease and marked symptoms at rest despite 
detailed medical or resynchronization therapy. 
These patients become progressively more dependent 
on hospital admissions for symptomatic stabili- 
zation and outpatient nursing for palliative care. 
Currently, there are more than 300,000 Stage D 
patients in the USA and 60,000 in the UK. Twenty 
percent are under 65 years of age (60,000 USA, 
12,000 UK, respectively). This constitutes a mas- 
sive financial burden without providing significant 
prognostic improvement. Nevertheless, most civi- 
lized societies are prepared to invest in both drugs 
and devices to relieve symptoms and improve the 
quality and duration of life within reasonable limits. 
These limits are largely set by age considerations 
and economics rather than the ethical dilemmas 
surrounding a particular intervention. A precedent 
has been set by the management of end-stage renal 


disease. Hemodialysis is currently offered without 
age limits to the majority of patients, providing 
around 60% 2-year survival. Renal transplantation 
is offered to selected patients younger than 75 
years of age without significant comorbidity. In 
contrast there are no temporizing measures for 
hepatic failure. Either the patient is accepted for 
transplantation and receives a donor liver or death 
ensues. Until recently the treatment of heart failure 
was comparable with that of liver disease. In many 
countries (including the UK) mechanical circulatory 
support technology is still not made available by the 
health care system. 

Cardiac transplantation provides a very excit- 
ing and effective treatment with survival exceed- 
ing 80% at 1 year and almost 50% at 10 years. 1 
However, by the very nature of heart failure, 
80% of patients are over 65 years of age and the 
vast majority of younger patients have important 
comorbidity. Within the rigorous selection criteria, 
these factors effectively preclude transplantation. 
Given a progressive fall in donor availability (cur- 
rently around 2,200 and 150 hearts, respectively, 
per year in the USA and UK), these limitations 
have allowed uncontroversial cost containment 
in the treatment of advanced heart disease 2 to the 
extent that Adamson in his paper "The Evolving 
Challenge of Heart Failure Management" describes 
heart transplantation as an epidemiologically insig- 
nificant intervention. 3 Accordingly, the development 
of nontransplant surgical options and their wide- 
spread adoption is a clear priority. 

The goal of both medical and surgical treatment 
is to arrest or reverse the progression of the cardiac 
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remodeling process. Currently there are a few guide- 
lines as to which treatment best suits an individual 
patient or pathological process. An evidence-based 
approach can only be achieved using detailed 
investigation and clinical measurement to identify 
the pathological process and determine the extent 
of structural and functional abnormalities. The 
object of investigation is to establish whether there 
is a lesion amenable for surgical repair, whether 
dysfunctional myocardium is potentially recover- 
able, or, in the event of neither of these, whether 
the complete cardiac replacement or mechanical 
left ventricular assist are feasible. Left ventricu- 
lar shape and volume are important predictors of 
survival. In both ischemic and idiopathic dilated 
cardiomyopathy, increased chambers sphericity 
and the onset of mitral regurgitation are markers 
of worse prognosis (1-year mortality 54-70%). 4 
Mitral regurgitation occurs secondary to altered 
left ventricular geometry, papillary muscle dys- 
function, and annular dilatation. Volume overload 
causes progressive left ventricular dilatation, wors- 
ened mitral regurgitation, and decreased survival. 
Patients with the left ventricular ejection fraction 
(LVEF) of less than 30% have a 5-year survival 
of only 54% when the left ventricular end-systolic 
volume index (LVESVI) exceeds 150ml/m 2 . 5 

Although the prognostic implications of pro- 
gressive left ventricular remodeling are clearly 
understood, there are no clear guidelines or 
algorithm to indicate which cardiological or sur- 
gical intervention best suits a particular patient. 
Guidelines from the National Institute for Clinical 
Excellence (UK 2004) for "Best Practice in 
Chronic Heart Failure" make only brief reference 
to surgery in the vaguest terms: "Coronary revas- 
cularization should not be routinely considered in 
heart failure due to systolic left ventricular impair- 
ment unless the patient has refractory angina" and 
"Specialist referral for transplantation should be 
considered in patients with refractory symptoms 
or cardiogenic shock." 6 After the very important 
developments in the nontransplant surgery of 
heart failure over the last 10 years, there is a 
clear requirement to establish the surgeon's role 
in relieving symptoms and improving prognosis 
for an individual patient with defined pathology. 
Given the limits of transplantation, it may well be 
preferable to repair rather than replace the diseased 
heart but the role of individual procedures (inter- 
ventional cardiology and surgery) must be clearly 


defined. This chapter is about choices. Whether to 
treat, how to treat, and when to treat. 

4.2. How Does the Heart Failure 
Patient Reach the Surgeon 

There are often three tiers of medical care before surgi- 
cal assessment. A patient with the symptoms and clini- 
cal signs of heart failure first presents to the primary 
care physician who may instigate medical therapy. It 
can be difficult to detenriine the cause of left ventricu- 
lar dysfunction. In one study in Glasgow (UK), 95% 
of symptomatic and 71% of asymptomatic patients 
with left ventricular systolic dysfunction had evidence 
of coronary artery disease. 7 Those with symptomatic 
heart failure were more likely to have a previous 
myocardial infarction (50% vs 14%) and concurrent 
angina (62% vs 43%) Hypertension was also present 
in 80% of those with symptomatic heart failure. In 
the Italian Studio sull' Epidemiologia Ospedaliera 
dello Scompenso in Italia or Survey on Heart Failure 
in Italian Hospital Cardiology Units (SEOSI) study, 
70% of patients had a previous myocardial infarc- 
tion whereas 15% had hypertensive heart disease. 8 
Idiopathic dilated cardiomyopathy and valvular heart 
disease each accounted for 15% of patients. 

Age has a varying influence in different health 
care systems. In the elderly further referral may not 
be considered unless a murmur (valvular heart 
disease) is detected or the patient has angina. Patients 
younger than 75 years are generally referred to a local 
cardiologist to define the etiology and the extent of 
left ventricular dysfunction. Echocardiography and 
coronary angiography are usually performed at this 
stage to differentiate between ischemic, restrictive, 
or idiopathic dilated cardiomyopathy. 

The local cardiologist directs further management 
by tertiary referral to an interventional cardiologist 
or surgeon with heart failure expertise, an electro- 
physiologist when dysrhythmia is the problem, or 
a transplant center if the patient is severely symp- 
tomatic and (conventionally) less than 65 years of 
age. As a result the patient may proceed to revascu- 
larization, receive either an implantable defibrillator 
or cardiac resynchronization therapy, or be assessed 
regarding eligibility for transplantation. In the 
authors' experience, few patients are referred for 
conventional surgical assessment in a timely fash- 
ion, and the awareness of the nontransplant surgical 
options is limited. Ischemic heart disease is responsible 
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for two-thirds of end-stage heart failure patients, 
and hibernating myocardium, anterolateral or septal 
scar, and mitral regurgitation are each amenable to 
surgical repair. Similarly patients with idiopathic 
dilated cardiomyopathy, a remodeled ventricle, and 
worsening mitral regurgitation may benefit from 
mitral valve repair or external constraint. Even in the 
absence of a target lesion, a nontransplant eligible 
patient can be considered for long-term mechanical 
circulatory support as definitive treatment or pos- 
sibly to reverse the remodeling process sufficient to 
allow removal of the device. 9 

In advanced heart failure, specialized treatment 
centers that provide frequent follow-up and organ- 
ized delivery of care can dramatically reduce the rate 
of readmission and length of stay during periods 
of decompensation. Given the greater diversity of 
operative procedures, the surgery of advanced heart 
failure must evolve into a discrete specialty. There 
is justification for all Stage C and D patients to be 
jointly assessed by a multidisciplinary heart failure 
team, including the surgeon. Allocation to the appro- 
priate intervention needs very detailed definition of 
coronary anatomy, myocardial structure, dynamic 
dimensions, ventricular function, viability, and the 
potential for improvement. Significant comorbidity, 


particularly renal and hepatic status, must be taken 
into consideration before deciding upon a particular 
procedure. The surgeon's role is to determine which 
operation or combination of surgical procedures best 
suits an individual and whether surgeons can under- 
take an acceptable risk with likelihood of benefit given 
the clinical status of the patient. Many are left too late 
for revascularization of hibernating myocardium or 
left ventricular restoration surgery to improve symp- 
toms or prognosis. The surgeon should recognize the 
limits of each procedure and operate only when opti- 
mization of medical treatment has provided the best 
setting for recovery. In general, nontransplant options 
should always be considered first and carried out in 
such a way that a cardiac transplant or mechanical 
circulatory support remain feasible in the future. 

4.3. How to Determine the Surgical 
Strategy 

The treatment adopted depends upon the etiology 
of heart failure, the clinical stage, the cardiac 
dimensions, the presence of a target lesion amenable 
to surgery, and the potential to improve left 
ventricular function (Figure 4.1). Eligibility for 
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Figure 4.1. Algorithm outlining the decision-making process in an advanced heart failure patient. Repair is considered 
before replacement. 
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cardiac transplantation is determined during the 
course of medical assessment, and committal to 
a transplant waiting list should occur only when 
other avenues have been exhausted. 

At the time of surgical assessment most patients 
are Stage C or D with a dilated left ventricle and 
impaired cardiac output. For patients who present 
in cardiogenic shock with either acute or decom- 
pensated chronic cardiac failure, urgent mechanical 
circulatory support may be necessary pending 
diagnosis, further assessment, and definitive treat- 
ment. Detailed cardiac assessment is supported by 
careful determination of other risk factors including 
age and respiratory, vascular, renal, and hepatic 
dysfunction. A bank of a clinical investigations 
including coronary angiography, echocardiography, 
magnetic resonance imaging (MRI), assessment of 
myocardial viability and functional assessment by 
six-minute walk test, and measurement of mixed 
venous oxygen content on exercise (MVo,,) provide 
the required information about cardiac pathophysi- 
ology and functional status. 10 On the basis of these 
findings, the multidisciplinary team should decide 
whether there is a lesion amenable to conventional 
surgery, or potentially recoverable myocardium 
(stunning, hibernation, idiopathic dilated cardio- 
myopathy, or myocarditis) or indeed, whether there 
is no possibility of a nontransplant surgical route. 
This leaves cardiac replacement or long-term 
circulatory support as the only option. 

The medical and surgical options, their risks, 
and potential benefits can then be discussed with 
the patient. 

4.4. Decision-Making in Patients 
with Ischemic Cardiomyopathy 

4.4. 1 . The Mechanisms of Ischemic 
Cardiomyopathy 

At the onset of heart failure, the goal of both medical 
and surgical treatment is to prevent progression 
of the remodeling process. Surgical strategies 
take into account the LaPlace law which esti- 
mates myocardial wall stress from left ventricular 
pressure, radius of cavity, and wall thickness. 
The enlarged chamber radius of the failing heart 
exposes myocytes to increased systolic wall stress. 
Molecular proliferative responses then lead to 


cellular and chamber hypertrophy. The ischemic 
cardiomyopathy ventricle contains microenviron- 
ments of irreversibly injured myocytes with necrosis 
or scar tissue, together with viable myocardial cells 
in varying proportions. This pattern is evident from 
intraoperative inspection and from the change from 
akinesia to hypokinesia or normal wall motion in 
some left ventricular wall segments after percuta- 
neous transluminal coronary angioplasty (PTCA) 
or coronary artery bypass grafting (CABG). 
These ischemic morphological changes within 
the myocardium are self-aggravating because of 
their effects on blood flow to the subendocardial 
layer. Repeated infarction cause more scarring. 
Eventually, left ventricular systolic and diastolic 
dysfunction produce the syndrome of congestive 
heart failure. Alternatively, patients with left ven- 
tricular dysfunction die suddenly from further 
infarction or ventricular fibrillation triggered by 
ischemic myocardium. 

The degree of left ventricular dysfunction has a 
well-defined impact on survival. When the dyski- 
netic region occupies more than 20% of the total 
myocardial mass (40% of all transmural myocar- 
dial infarction), the left ventricle progressively 
enlarges with the onset of symptomatic heart 
failure. When more then 50% of the myocardium 
is impaired, increased wall tension causes subendo- 
cardial ischemia in the remote myocardium. This 
triggers left ventricular failure. The relationship 
between the extent of myocardial infarction, degree 
of left ventricular dysfunction, and late mortal- 
ity was defined by Yoshida and Gould. 11 They 
showed that a myocardial infarction greater than 
23% of the left ventricular circumference caused 
impaired LVEF (<45%) and the 3-year mortality 
rate exceeded 40% (Table 4.1). This contrasted 
with less extensive myocardial infarction, which 
resulted in a 3 -year mortality rate of only 5%. For 
patients in whom the LVEF was <43%, the 3 -year 
mortality rate was 38% in contrast to only 6% when 
LVEF was >43%. However, LVEF alone is a poor 
predictor of mortality in patients with hibernating 
myocardium. The presence of viable myocardium 
is an independent predictor of survival as well as a 
marker for those with impaired LVEF who are most 
likely to benefit from revascularization. The 3-year 
mortality rate in patients with an LVEF of <43% 
and no viable myocardium was 63%, in contrast to 
13% for those with viable myocardium submitted 
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Table 4. 1 . Impact of the extent of ischemic myocardial 
injury on patient survival. 



Three-year 
mortality (%) 

p Value 

Myocardial infarction or 



scar of >23% 

43 

0.014 

Myocardial infarction or 



scar of <23% 

5 


EF < 43% 

38 

0.029 

EF > 43% 

6 


EF < 43% without viable 



myocardium 

63 

0.059 

EF < 43% with viable 



myocardium 0 

13 



Tor all patients with viable myocardium, the 3-year mortality 
rate was 8% (80% had CABG). For patients with only fixed 
scar of >23%, mortality rate was 50% (p = 0.018, only 40% 
had CABG)." 
EF ejection fraction. 

© 2007 by American College of Cardiology Foundation. 

for revascularization. For patients with only scar in 
the territory at risk from coronary occlusion, the 
mortality rate of 50% at 3 years was not different 
with or without revascularization, indicating no 
benefit from intervention in this subgroup. 

The components of postinfarction left ventricular 
remodeling include infarct expansion, myocardial 
hypertrophy, and global left ventricular dilatation 
resulting in a more spherical contour. The work- 
load of myocardium remote from the akinetic or 
dyskinetic area is increased by the dysfunctional 
changes. Increased wall stress results in lengthening 
and thinning of the LV walls through lateral slippage 
of myocardial planes. The changes in ventricular 
geometry, local wall tension, and filling pressures 
combined to increase the metabolic requirements of 
nonischemic myocardium, which plays a critical part 
in maintaining cardiac output. Working segments 
undergo compensatory hypertrophy. A low LVEF 
(<30%) indicates that the ventricle has remodeled but 
a dilated chamber with low LVEF can eject the same 
stroke volume as a ventricle with an LVEF of 60%. 
A decrease in LVEF does not necessarily reflect an 
impairment of contraction but rather a remodeling of 
the ventricle. Exercise capacity has a poor relation- 
ship with LV function although LVEF is an important 
determinant for survival. Patients with an LVEF of 
>40% have modest annual mortality rate (< 10%) 
whereas those with an LVEF of <30% have annual 
mortality rates of >25%. 12 In patients with an LVEF 


of 15-40%, there is an association between LVEF and 
annual mortality rate. 

Abnormalities of left ventricular diastolic function 
can be demonstrated during stress in most patients 
with extensive coronary disease. These are mani- 
fest by a reduced peak left ventricular filling rate 
and increased time-to-peak filling rate. Hypoxia 
impairs relaxation of the papillary muscles because 
myocardial relaxation during early diastole is an 
active energy-dependent process. Ischemic abnor- 
malities of left ventricular systolic and diastolic 
function may be sufficiently severe during stress to 
cause substantially elevated LV end-diastolic pres- 
sure (LVEDP). This results in dyspnea as well as 
angina during the ischemic episode. Impairment 
of left ventricular function at rest may be the 
results of myocardial scar, stunning, or hibernation. 
Commonly, dysfunction occurs through a com- 
bination of these entities within the same heart. 
Some patients have moderately increased LVEDP 
at rest with considerably reduced exercise capacity, 
but only a mildly increased cardiac size on chest 
radiography. These patients often have moderate 
scaring and marked ischemic dysfunction in non- 
scarred parts of the ventricles, and may be helped 
by revascularization. Others have moderate or 
severe cardiomegaly, reduced cardiac index, and 
substantial elevation of right atrial pressure with 
hepatomegaly and fluid retention. This latter group 
usually has extensive myocardial scarring and is 
unlikely to improve by revascularization alone. 

The relationship between myocardial stunning, 
hibernation, and heart failure remains complex. Some 
patients with coronary disease do not stun, whereas 
others suffer repeated clinically silent episode of 
stunning during normal daily activities. If such 
episodes are frequent with incomplete recovery 
of contractile function before the next insult, then 
chronic ventricular dysfunction may ensue. Repetitive 
stunning may trigger the development of myocar- 
dial hibernation, which is associated with changes 
in myocyte metabolism and structure. 13 Structural 
changes depend on the time that myocardial blood 
supply remains jeopardized during demand ischemia. 
Thus, myocardium may progress through a phase 
of functional hibernation (without changes in the 
contractile protein apparatus) to a phase of structural 
hibernation with morphological abnormalities within 
the myocyte, including loss of myofibrillar material 
and accumulation of glycogen. 14 
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In structural hibernation, functional recovery after 
revascularization is more prolonged and dependent 
on new protein synthesis and myocyte repair. In the 
absence of revascularization, repetitive ischemia 
may progress to myocyte necrosis or apoptosis, 
indicating that hibernating myocardium is not 
fully adapted to chronic hypoperfusion. Cellular 
degeneration and myocyte loss are accompanied by 
reparative fibrosis. They combine to cause degen- 
eration in the structural and functional integrity of 
the left ventricle, even in the absence of myocardial 
infarction. Consequently, if revascularization is to 
succeed, it must be applied early before functional 
hibernation progresses to structural hibernation. 
Hibernating myocardium is present in about 78% 
of patients after myocardial infarction treated by 
thrombolysis. 15 Cardiac events including death, 
nonfatal myocardial infarction, or unstable angina 
occur in 33% of patients with hibernation, versus 
only 8% for those with scar. 16 

4.4.2. Coronary Bypass 
or Transplantation? 

The different pathways toward myocardial revas- 
cularization or cardiac transplantation need careful 
consideration. The vast majority of patients with 
ischemic cardiomyopathy are older than 65 years, 
are smokers with chronic obstructive airways 
disease, and have peripheral vasculopathy. They 
often have renal impairment and will never be con- 
sidered for transplantation. Less than 10% of poten- 
tial heart transplant candidates (referred as opposed to 
selected for the waiting list) will eventually receive 
a donor organ. 

Recent studies suggest that as many as 50% 
of coronary patients referred for transplantation 
have hibernating myocardium. 17 In an attempt to 
lower waiting list mortality and provide an alterna- 
tive to transplantation, many centers now select 
non-inotrope-dependent patients for "higher risk" 
coronary artery bypass with or without left ven- 
tricular restoration surgery. In patients with angina, 
PTCA or CABG is applied predominantly on the 
basis of symptoms and angiographic findings. If 
sternotomy can be avoided by employing PTCA 
in the potential transplant recipient, than so much 
the better. For patients with heart failure in the 
absence of limiting angina, early studies suggested 
that CABG was associated with poor short-term 


outcome and a perioperative mortality rate of 
10-20%. Revascularization does not improve the 
function of scar tissue and it is impossible on the 
basis of echocardiography, coronary angiography, 
or ventriculography to determine which areas of 
the myocardium might benefit from improved 
perfusion. 

An indication that segmental and global left 
ventricular function will improve after revas- 
cularization is obtained using imaging methods 
that provide evidence of myocardial viability. 
The techniques with the greatest evidence base 
for predicting recovery are those that provide 
confirmation of preserved metabolic activity, 
cell membrane integrity, or contractile reserve in 
dysfunctional regions. Positron emission tomog- 
raphy (PET), single photon emission tomography 
(SPECT) with Thallium-210 or Technetium-99m 
perfusion tracers, and low-dose dobutamine 
stress echocardiography have emerged as accu- 
rate and accepted methods for viability assess- 
ment, particularly when taken in combination. 18 
Contrast-enhanced MRI also holds great promise 
in this area by providing very accurate infor- 
mation about left ventricular volume indices, 
myocardial wall thickness, and valve function. 19 
Patients who benefit from viability testing 
include those with suspected coronary disease or 
dilated cardiomyopathy who are being consid- 
ered for cardiac transplantation, and those with 
coronary disease and LV dysfunction (LVEF 
<35%) who are asymptomatic or have breath- 
lessness with only mild angina. Viability testing 
is redundant in patients with unstable angina, 
postinfarction angina, and severe chronic stable 
angina because revascularization is indicated 
for symptomatic relief. For ischemic heart fail- 
ure patients without angina, the combination 
of good target vessels and >25% myocardial 
viability suggests the potential to benefit from 
CABG. For those with <25% viability, poor 
target vessels, or in reoperative candidates, 
surgery is unlikely to produce improvement. 20 
Other unfavorable patient characteristic include 
advanced age, female gender, severity of coro- 
nary artery disease, presence of preoperative 
dysrhythmias, and renal failure. Table 4.2 pro- 
vides guidelines supporting the use of CABG in 
preference to cardiac transplantation in patients 
with advanced ischemic cardiomyopathy. 


4. Advanced Heart Failure: Transplant vs Nontransplant Surgical Options 


47 


Table 4.2. Guidelines for the use of CABG in preference 
to Cardiac Transplantation in patients with ischemic 
cardiomyopathy. 


Condition 

Reversible ischemia 
LVESVI of <60ml/nr 

Full-thickness scar and left 
ventricular aneurysm 

Akineric/dyskinetic left 
ventricle LVESVI of 
> 60 ml/m 2 with reversible 
ischemia 

Class III/IV mitral regurgitation 

No reversible ischemia 
LVESVI > 100 ml/m 2 

Pulmonary hypertension 
(PAP > 70mmHg) Right 
ventricular failure 


Intervention 
CABG alone 

Linear resection + CABG 

CABG + LV restoration 
surgery 

Mitral repair + CABG 
Left ventricular assist 
device or transplantation 
(no conservative option) 


LVESVI left ventricular end-systolic volume index (normal is 
<30ml/m 2 ), CABG coronary artery bypass grafting, PAP pulmo- 
nary artery pressure. 
Adapted from Hausmann et al. 27 

4.4.3. The Role of Left Ventricular 
Restoration Therapy 

Ventricular restoration surgery is the successor to 
left ventricular aneurysmectomy, now that throm- 
bolysis often arrests myocardial infarction before 
it reaches the transmural stage. Substantial improve- 
ment in left ventricular systolic function is uncommon 
after reperfusion therapy alone. With healing of 
infarcted myocardium, scar is maximal in the 
subendocardial region, though the epicardial sur- 
face may appear normal because of a rim of reper- 
fused muscle. This contrasts with the leather-like 
appearance of full-thickness myocardial scar in a 
dyskinetic left ventricular aneurysm. MR! studies 
by Bogaert et al. demonstrated epicardial viability 
but loss of between 80% and 90% of contractile 
muscle in the endocardium and mid-myocardium 
after thrombolysis. 21 The veneer of epicardial 
salvage is not sufficient to prevent dilatation of 
the ischemic segment and increased sphericity. 
When more than 40% of the LV circumference 
becomes nonfunctional, the normal left ventricular 
end-systolic diameter index (LVESDI) of 25 ml/m 2 
increases to > 60 ml/m 2 . This is a threshold likely to 
be associated with subsequent cardiac mortality. 

As LV size increases, the progressive LV hyper- 
trophy and systolic wall stress account for worsening 


symptoms in ischemic patients. Stroke volume and 
global LV function gradually decline as ischemia 
progresses in the nonaneurysmal portion. Once decom- 
pensation begins, functional deterioration occurs rap- 
idly with an increase in the risk of surgical mortality. 
For this reason LV restoration surgery should be con- 
sidered in patients with an LVEF of <30%, mean pul- 
monary artery pressure of >25 mmHg, left ventricular 
akinesia or dyskinesia of >60%, and left ventricular 
end-diastolic volume (LVEDV) of >250ml (LVEDV 
index >140ml/m 2 ). Most of these patients are already 
NYHA III or IV with medical treatment. 

Traditional left ventricular aneurysmectomy 
improved left ventricular function and heart failure 
symptoms by lowering LV wall stress. This linear 
amputation of a discrete dyskinetic scar commonly 
deformed the LV cavity into a box-like shape. Cooley 
and Jatene decreased surgical mortality by intro- 
ducing intracavity patch reconstruction techniques 
to recreate an elliptical shape. 22 23 Dor further refined 
these methods and translated the application from 
well-defined dyskinetic scar to akinetic myocardial 
segments with normal epicardium. 24 At operation, 
the epicardium of the infarcted zone may appear 
normal, but the endocardial scar prevents wall motion 
improvements with revascularization alone. 

Details of the Dor procedure are presented 
elsewhere. The overall effect is to reduce LV 
chamber size, restore the natural elliptical LV shape, 
and globally decrease wall stress (Figure 4.2). This 
also enhances function in myocardial regions 
remote from the repair. The operation is usually 
supplemented by surgical revascularization of 
suitable target vessels and mitral valve repair 
when necessary. Grades 3 and 4 mitral regurgita- 
tion is best addressed by standard mitral annu- 
loplasty techniques. Grade 2 mitral regurgitation 
can be treated satisfactorily using the Alfieri 
stitch via the left ventriculotomy 25 (Figure 4.3). 

4.4.4. Mitral Valve Repair in Ischemic 
Cardiomyopathy 

There are now a number of clinical situations 
where mitral valve repair with or without revas- 
cularization improves the outlook for heart failure 
patients. These include the following: 

1 . Ischemia manifest by angina and variable mitral 
regurgitation, which become significantly worse 
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Figure 4.2. Left ventricular restoration surgery in an 
extreme case with very low ejection fraction and large 
left ventricular end-systolic volume. Before and after 
ventricular volumes and ejection fraction are shown. 


during an acute ischemic episode, causing dys- 
pnea at rest or left ventricular failure with pul- 
monary edema. 

2. Acute myocardial ischemia or infarction located 
inferobasily (right coronary or dominant cir- 
cumflex distribution) which causes sudden pos- 
teromedial papillary muscle dysfunction and 
mitral regurgitation. 

3. Acute catastrophic pulmonary edema caused by pap- 
illary muscle rupture (inferobasal in 75% of the cases) 
several days after acute myocardial infarction. 

4. Chronic progressive dyspnea (NYHA III or IV) 
associated with previous myocardial infarction, 
and enlarged dysfunctional left ventricle and 
various degrees of pulmonary hypertension. 
This comprises the largest group. 

The recommended threshold for mitral repair in 
ischemic regurgitation is an LVESVI of >18ml/m 2 
or a calculated regurgitant fraction of >50% of the 
forward LVEF. Patients with angina, good target 
vessels, mild-to-moderate mitral regurgitation, and 
reversible ischemia posterolaterally on the PET 
scan can be treated by revascularization alone. 
Should valve replacement prove necessary, as much 
of the subvalvular apparatus as possible should be 
conserved to maintain left ventricular geometry 
and function. Division of all chordae tendonae is 
accompanied by a 47% reduction in LVE and a 

1 J max 

very deleterious effect on LV function (Figure 4.4). 




Figure 4.3. The Alfieri stitch joins the anterior and posterior mitral leaflets. This prevents anterior leaflet prolapse 
and produces a two-channel orifice. 
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Figure 4.4. Negative effect of transecting the mitral sub- 
valvular apparatus during mitral valve replacement. 

Ischemic mitral regurgitation is a functional 
problem of unsuccessful coordination of the entire 
mitral apparatus rather than simple failure of a 
single papillary muscle. Mitral annuloplasty with 
significant undersizing of the valve ring greatly 
increases leaflet coaptation. Systolic anterior 
motion (SAM) is avoided because of widening of 


the aorto-mitral angle and increased left ventricular 
size. The undersized valve ring acutely remodels 
the base of the myopathic heart helping to reestablish 
an ellipsoid shape to the left ventricle. 

Clearly, in many cases of ischemic cardiomy- 
opathy, no conservative option is possible. These 
patients have advanced left ventricular remodeling 
with an LVESVI of >100ml/m 2 , suffer breath- 
lessness with no angina, and have no reversible 
ischemia on viability testing. This combination is 
often associated with a degree of right ventricular 
failure and pulmonary hypertension with a right 
atrial pressure exceeding 20mmHg. For these 
patients, cardiac transplantation or a "lifetime" left 
ventricular assist device (LVAD) implant are the 
only options. The role of cardiac transplantation 
will be considered later in this chapter. The poten- 
tial for "lifetime" mechanical circulatory support 
has been tested in the Randomized Evaluation 
of Mechanical Assistance for the Treatment of 
Congestive Heart Failure (REMATCH) trial and is 
even more promising with the introduction of the 
miniaturized continuous flow pumps. 26 

4.5. Outcome After Non 

Transplant Surgery 

for Ischemic Cardiomyopathy 

Useful data regarding patients selection and 
outcome for high-risk revascularization have 
emerged from centers where transplant candidates 
were selected out for CABG instead. Hausmann 
et al. in Berlin compared 225 potential transplant 
candidates who underwent CABG with 231 others 
who received a donor organ. 27 This was not a 
randomized trial. Differences between the groups 
were the longer duration of symptoms, the pres- 
ence of right heart failure, and a greater incidence 
of previous CABG in the heart transplant recipi- 
ents. Operative risk in the CABG group was sig- 
nificantly higher for those with a greatly increased 
end-diastolic pressure (LVEDP >24mmHg), a low 
preoperative cardiac output (<2.01/min/m 2 ), and 
for patients in NYHA IV. Hospital mortality was 
7.1% for the CABG patients versus 18.2% in the 
transplant group. There was no significant differ- 
ence in hospital mortality in patients with an LVEF 
between 10% and 20% versus those with an LVEF 
between 20% and 30%. Survival for the CABG 
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group was 78.9% after 6 years versus 68.9% for 
the transplant group. Reinvestigation of CABG 
patients showed a significant decrease in mean 
pulmonary artery pressure from 28.2 mmHg to 
21.2mmHg (p < 0.01). Pulmonary capillary wedge 
pressure fell from 19.2mmHg to 13.1mmHg (p < 
0.01) and LV ejection fraction improved from a 
mean of 0.24 to 0.39 (p < 0.0001). Others have 
reported similar findings. 28 

Observational studies have documented substan- 
tial improvement in LV regional and global function 
following revascularization of hibernating myocar- 
dium. 29 Relief from heart failure symptoms, quality 
of life benefit, and improved survival have been 
demonstrated in these patients. The necessity for 
viability assessment in patient selection was demon- 
strated by Hass in a series of 69 patients with three- 
vessel disease and an LVEF of <35%. 30 Thirty-five 
patients were operated on the basis of angiographic 
findings alone, whereas 34 were selected on the 
basis of PET-documented hibernating myocardium 
and favorable target vessels. The hibernating myo- 
cardium group had a lower hospital mortality (0% 
vs 11.4%, p = 0.04), a lower incidence of postop- 
erative complications (33% vs 67%, /? = 0.05), and 
fewer patients with low cardiac output syndrome 
(3% vs 17%, /? = 0.05). Furthermore, the 1-year 
survival rate was better (97 + 8% vs 79 + 8%, 
/?<0.01). The LVEF increased from 26% to 35% 
(p = 0.003) in those with myocardial viability 
but was unchanged in those without. Similarly, 
in a retrospective review of 70 ischemic car- 
diomyopathy patients undergoing CABG, Pagley 
demonstrated a significantly improved short- and 
long-term cardiac event-free survival in patients 
with hibernating myocardium. 31 In those who 
were similar with regard to age, gender, present- 
ing clinical syndrome, hemodynamical variables, 
number of diseased coronary arteries, and LVEF, 
the myocardial viability index was the only inde- 
pendent predictor of event-free survival. Tjan 
et al. compared the outcome in 51 potential trans- 
plant candidates (all LVEF < 20%) who underwent 
CABG instead, with 163 others who underwent 
transplantation. 28 The survival analysis was per- 
formed on the basis of intention to treat independ- 
ent of subsequent transplantation. Groups were 
comparable with regard to LV function, pulmonary 
capillary wedge pressure, and serum creatinine. 
Patients in the CABG group were older (63 + 8) and 


included a higher percentage of females. One-year 
survival was similar in both groups (CABG 71.9% 
vs transplant 66.3%). In CABG patients, hospital 
survival was 88.2%. Preoperative serum creatinine 
and the nonusage of the left internal thoracic artery 
were predictors of adverse outcome. The authors 
concluded that up to 50% of transplant candidates 
can be redirected toward CABG after assessing 
myocardial viability and general risk factors such 
as age, peripheral vascular disease, history of 
hypertension, and suitability of the target vessels. 
In contrast, selection according to preoperative 
LVEF was not useful. Only the degree of myo- 
cardial viability was predictive of outcome. The 
authors recommended preoperative insertion of 
an intra-aortic balloon pump and LVAD stand-by 
during the operation. 

With worsening donor availability, many transplant 
centers now support the high-risk revascularization 
strategy as an alternative. 

Although CABG may provide better short-term 
results than transplantation, the benefits may be 
time-limited. Luciani showed only 47% of patients 
with advanced preoperative left ventricular dys- 
function to be free from heart failure symptoms 
5 years after CABG, despite 75% survival at this 
time. 32 CABG appears to influence the mode of 
death, however. Mortality occurs predominantly 
through left ventricular failure and not dysrhyth- 
mias, which otherwise accounts for more than 60% 
of deaths in unoperated ischemic cardiomyopathy. 


4.5.1. The Variable Improvement 
in Myocardial Function 

Irrespective of the symptomatic and survival ben- 
efits afforded by revascularization, the functional 
response is unpredictable. In detailed studies of 
regional perfusion, glucose usage, and contractile 
function, Bax et al. showed functional improve- 
ment in only 70% of stunned myocardial segments 
and 31% of hibernating segments by 3 months. 33 
While there was no further improvement in stunned 
segments, 61% of hibernating segments manifest 
gradual improvement in wall motion score by 14 
months. Haas studied the time course of functional 
recovery in relation to the histology (intraop- 
erative biopsy) from dysfunctional areas. 34 PET 
was used to distinguish stunned from hibernating 
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myocardium. Stunning was identified in 70% of 
240 dysfunctional segments and hibernation in 
24%. Hibernation was associated with more severe 
depression of wall motion and incomplete post- 
operative recovery. One year after revasculariza- 
tion, only 31% of stunned segments and 18% of 
hibernating segments showed complete functional 
recovery. Failure to improve was associated with 
more severe degenerative ultrastructural changes in 
the myocyte. The authors concluded that myocar- 
dial stunning was more prevalent than hibernation 
and that myocardial morphology determined the 
time course and extent of functional improvement 
after revascularization. 

The observation that only 3 1 % of stunned myo- 
cardial segments attained complete functional 
recovery challenges the definition of "stunning" 
from which complete recovery is expected over 
time. In this population with severe long-lasting 
coronary artery disease, previous infarction, and a 
history of congestive heart failure, it is likely that 
other factors such as the degree of left ventricular 
remodeling and persistent elevated wall stress 
may preclude myocardial recovery. Myocardial 
histology in these patients suggests a continuum 
between stunning and hibernation with structural 
hibernation representing the limit of viability. Kim 
and colleagues, using enhanced contrast MRI, 
found that 78% of dysfunctional segments with 
full-thickness wall viability showed improvement 
in contractility after revascularization. 35 In con- 
trast, 90% of the regions with 50-75% of wall 
thickness scar did not improve. These regions 
would be considered entirely nonviable according 
to echocardiographic wall motion criteria, even 
though a substantial epicardial rim of viable tis- 
sue remains. Maes showed the degree of fibrosis 
within the myocardial segment to be a deter- 
minant of improvement. 36 Others have shown 
severely hypokinetic or akinetic segments to have 
a 2.4-fold increase in a-receptor density with a 
concomitant 50% decrease in (3-receptor density 
compared with normal segments. 37 Graded recip- 
rocal changes in a-and (3-adrenergic receptor 
density in hibernating myocardium may account 
in part for the depression in resting myocardial 
function, and confirms that alterations in (3-recep- 
tor density are associated with hibernating myo- 
cardium. These observations must be kept in mind 
when considering nontransplant surgical options. 


Risk of mortality must be balanced against the 
likelihood of symptomatic benefit. 

In contrast to the somewhat slow and unpre- 
dictable recovery after CABG, left ventricular 
restoration surgery produces an immediate result. 
Dor studied a cohort of 781 ventricular restora- 
tion patients (age 57 + 7 years) with mean LVEF 
17 ± 3%. 38 All were NYHA class III or IV before 
surgery. Hospital mortality was 19.3% but ejec- 
tion fraction improved from 17 + 3% to 37+10% 
(p< 0.0001). By multivariate analysis, factors 
that influenced early mortality were the presence 
of critical narrowing in the circumflex coronary 
artery and the duration of cardiopulmonary bypass. 
At 1-year follow-up, a significant improvement 
in NYHA class was observed with no patients 
remaining in NYHA IV. Improvement in LVEF 
was maintained (39 + 1 1%) as well as the reduction 
in inducible and spontaneous ventricular tachycar- 
dia. Late mortality was 10% at 5 years. Buckberg 
et al. applied left ventricular restoration to a series 
of elderly patients (mean age 77 years, all NYHA 
class IV) with a history of multiple admissions 
for congestive heart failure and gross LV enlarge- 
ment. 39 Preoperatively, the mean LVEF was 20% 
(±8.5%), LVEDV was 300+ 105ml, and LVESV 
was 243 + 81ml (LVEDV index 169 + 55ml/m 2 and 
LVESVI 132 + 41ml/m 2 ). After surgery LVEF 
increased from 20% to 35%. The average LVEDV 
was reduced by 80 ml (from 300 ml to 220 ml), an 
average of 28%. LVESV was reduced from 243 ml 
to 149ml, an average of 49%. LVEDV index was 
reduced by 48ml/m 2 (from 170 ml to 121ml/m 2 ) 
and the LVESV index was reduced 45 ml/m 2 (from 
132mlto81ml/m 2 ). 

An additional benefit of volume reduction may be 
the shape alteration that realigns muscle fibers' orien- 
tation to allow optimal ejection. Spotnitz has described 
transmural shearing planes on cross-sections 
of the myocardium. 40 Contractile fibers run per- 
pendicular to these planes and thickening of con- 
tracting heart muscle is produced by torsion or 
deformation of these fibers. This change in myo- 
cardial thickening is responsible for LV ejection 
and is evident during MRI of the LV wall. The 
torsion is related to the angle of fiber orientation 
with a conical formation toward the apex. The 
Dor procedure restores elliptical fibers orientation 
and improves wall thickening during LV contrac- 
tion. Shape restoration produces a more normal 
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orientation of the sinobulbar and circular muscle 
around the LV and reestablishes an ellipsoid form 
to improve systolic twisting compression. 

In 1998, Buckberg and Dor initiated an interna- 
tional cooperative study to investigate the results 
of surgical LV restoration on a multicenter basis. 41 
Nine centers reported on 449 patients with mean age 
63 + 10 years with a baseline LVEF of 28% + 10% 
and median LVESVI of 110ml/m 2 . Anterolateral 
akinesia was present in 67% and LV aneurysm 
(dyskinesia) in 33%. Ninety-six percent of the 
patients had CABG and 23% had mitral valve 
repair. Only 7% required intra-aortic balloon pump 
support. Hospital mortality rate was 5.7%, esti- 
mated 1.5-year mortality rate was 10%, and rehos- 
pitalization rate for congestive heart failure was 
5%. LVEF increased to 39% +12.6% (an increase 
of 10.5%) with a median LVESVI of 68ml/m 2 
(a 35.4ml/m 2 decrease). The 88% late survival for 
those who underwent LV restoration and CABG 
suggest that this strategy is safe and at least equivalent 
to CABG alone. Whether LV restoration added to 
CABG improves outcome can only be answered 
by a randomized trial of these surgical options (as 
currently underway in the surgical treatment for 
ischemic heart failure (STITCH) trial). 

Neither previous coronary surgery nor ventricular 
restoration preclude cardiac transplantation though 
long-standing ischemic patients frequently have 
comorbidities (diabetes; chronic obstructive pul- 
monary disease, COPD; renal impairment; or right 
heart failure) to preclude this option. 

4.5.2. The Potential Role of Stem 
Cell Therapy 

Collectively, these studies suggest that, when 
ischemic cardiomyopathy patients are sufficiently 
stable to undergo elective surgery, repair is better 
than replacement. This policy may soon be reinforced 
by the introduction of autologous stem cell therapy 
whereby bone marrow stem cells are harvested from 
the iliac crest at the beginning of an open opera- 
tion, processed in the laboratory, and then injected 
directly into ischemic myocardium during coronary 
bypass surgery. 42 Alternatively, catheter-based deliv- 
ery can be applied through the endocardium using an 
electromechanical mapping (EMM) system. 43 This 
locates ischemic but viable myocardium and allows 
the injection catheter to be directed to the intraven- 


tricular target site. Around 30 million stem cells are 
introduced with the aim of inducing vasculogenesis 
and possibly generating new cardiac myocytes. The 
Texas Heart Institute have performed more than 
500 such procedures with an excellent safety record 
and clinical benefit including objective evidence of 
enhanced myocardial perfusion, improved LVEF, and 
longer treadmill exercise performance. Autologous 
bone marrow stem cells have not provided the same 
risk of dysrrhythmic events as autologous myoblast 
implants and have no contentious ethical issues as for 
embryonic stem cells. Although it is unclear whether 
the stem cells create new vascular or cardiac muscle 
cells, or stimulate the development of one of both 
types of cells, the treatment protocol has proven to be 
sufficiently safe and effective to allow the Food and 
Drug Administration (USA) to approve a randomized 
clinical trial. 

4.6. Which Patients Should 
be Transplanted? 

Cardiac transplantation is an irreversible opera- 
tion. The survival and symptomatic benefits were 
reported by the Stanford group in 1976 and have 
only recently been subjected to critical analysis in 
the light of improved medical and nontransplant 
heart failure surgery. 44 The identification of heart 
transplant candidates is based on the expected gain 
in survival and quality of life when compared with 
organ-conserving therapeutic options. 45 There have 
been no prospective randomized trials. Hospital 
survival has improved from around 75% in the 
early 1980s to 85% by 2000. Ten-year survival is 
around 50%. 46 In parallel with improved outcome 
for transplantation, medical management by spe- 
cialist heart failure cardiologists has reduced heart 
failure mortality. Between 1990 and 2000, the wait- 
ing list mortality for patients receiving an LVAD 
or intravenous inotropes (Status 1) decreased by 
63% and by 55% for outpatients waiting at home 
in a stabile condition (Status 2). In fact, the United 
Network for Organ Sharing identifies the fact that 
1-year mortality for Status 2 patients approximates 
to 1-year survival after transplantation (87%+ 1%), 
revealing no definite survival advantage for Status 
2 transplant candidates. 1 Between 1990 and 1999, 
the waiting list death rate fell from 432.2/1,000 
patient/years to 172.4/1,000 patient/years. Clearly, 
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mortality rate varies with risk status. For Status 
la patients with profound hemodynamic instability 
requiring LVAD support or high-dose intravenous 
inotropes, the waiting list mortality remains at 
589 deaths/1,000 patient/years. This contrasts with 
204.7 deaths/1,000 patients/year for Status lb 
patients on low-dose intravenous inotropes and 130.7 
deaths/1,000 patients/year for Status 2 patients. 

The German Transplant Society and Eurotrans- 
plant International Foundation studied all 899 
adult patients listed for cardiac transplantation in 
Germany in 1997. In the Comparative Outcomes 
and Clinical Profiles In Transplantation (COCPIT) 
study, the patients were stratified into high-, 
medium-, and low-risk categories according to 
the Heart Failure Survival Score. 47 Waiting list 
mortality was 32% in high-risk patients and 
20% in each of the medium and low -risk groups. 
Controversially, by 18 months after transplanta- 
tion a clear survival advantage could only be 
shown in the group with the highest risk of wait- 
ing list mortality. To refine risk stratification in 
ambulatory patients (Status 2), the University of 
Pennsylvania and the Colombia University, New 
York, independently validated prognostication 
based on the Heart Failure Survival Score. 48 At 1 
year, survival for high-risk patients was 43 + 7%, 
medium-risk 72 + 5, and low -risk 93 +2%. This 
shows that the event-free survival for high- and 
medium-risk waiting list patients was much worse 
than after transplantation, whereas for the low-risk 
patient survival was better than after transplanta- 
tion. Accordingly, Deng's report suggest that with 
modern medical management (including cardiac 
resynchronization therapy and implantable defi- 
brillators), the outlook for many stable non-ino- 
trope-dependent Stage D patients is better without 
transplantation. 

Clearly, the very restricted number of donor 
organs should be reserved for those patients most 
likely to benefit in life expectancy and quality 
of life. Absolute indications for transplantation 
include refractory cardiogenic shock, dependence 
on intravenous inotropic support (both Status 
1), or persistent class IV symptoms with peak 
oxygen consumption (MVo 2 ) <10ml/kg/min. 
Hemodynamic or renal indications to discontinue 
angiotensin-converting enzyme (ACE) inhibitors 
and intolerance of (3-blockade reinforce the need 
for transplantation in Status 2 patients. In the 


high-risk category above, benefit is the difference 
between a 1-year survival of less than 50% versus 
83% after a transplant. In practice most patients 
awaiting transplantation are ambulatory (Status 2), 
on oral medication with an MVo,, between 1 1 and 
14ml/kg/min. Many of these patients improve 
symptomatically and prognostically during fol- 
low-up by the transplant center. The likelihood 
of improvement is increased by selection of 
less ill patients (by excluding those with renal 
impairment and comorbidities). As many as 30% 
of Status 2 candidates can be removed from the 
waiting list with excellent early survival. Shah 
et al. showed that survival at 1 and 3 years for 
Status 2 patients removed from the transplant 
waiting list after 6 months of optimized treatment 
was 100% and 92%, respectively. 49 Patients with 
idiopathic dilated cardiomyopathy had better out- 
comes than those with ischemic cardiomyopathy. 
Accordingly, patients are deemed too well for 
transplantation if they are clinically stabile with 
the sustained improvement of MVo 2 by >2ml/ 
kg/min. There is therefore a need for repeated re- 
evaluation of Status 2 candidates by measurement 
of MVo 2 . 

Given the improved short-term survival of 
many Stage D heart failure patients, there are 
continuous efforts to define which patient will 
gain maximum long-term benefit from a donor 
heart. With the lack of secure information regard- 
ing risk-adjusted (patient-specific) time-related 
survival estimates for different etiologies of heart 
failure, uniform agreement has not been achieved 
among transplant centers regarding the precise 
indications and timing of transplantation. Survival 
benefit margin is assessed by calculating the 
patient's specific survival probability with trans- 
plantation minus the survival expectation without 
transplantation during the same time period. For 
instance, a patient with only 60% expected 1-year 
survival after transplant but with a 20% expected 
1-year survival without would have a survival 
benefit margin of 40% in 1 year. In contrast, a 
patient with stable advanced heart failure may 
have a projected 1-year survival of 70% on medical 
therapy compared with 90% with transplanta- 
tion. Such a patient would have a lower survival 
benefit margin (20%) but an improved use of the 
donor heart in terms of expected graft and patient 
survival. Currently, allocation of donor organs 
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is governed by two axioms that are sometimes 
contradictory: equity (equal access of all patients 
to donor organs) with priority given to patients 
closest to death; and utility (an allocation policy 
for organ that maximizes patient and graft 
survival). Application of these principles requires 
that a lower limit of acceptable expected post- 
transplant survival be determined, and that secure 
patient-specific information about mid-term sur- 
vival with medical therapy for subsets of advanced 
heart failure is available. Irrespective of survival, 
the short- and long-term quality of life/benefit is 
more difficult to quantify and is dependent upon 
the condition of other organ systems, which have 
been affected by the severity and chronicity of 
heart failure. Therefore, an important component 
of transplant evaluation is the assessment of 
comorbid conditions that independently reduce 
duration or quality of life. 

In a study by Kirklin et al. from the Cardiac 
Transplant Research Database (CTRD) of 7,283 
patients from 42 North American institutions 
(over 24,000 years of follow-up), patients with 
multiple comorbid conditions were shown to 
have significantly worse intermediate-term sur- 
vival than those without comorbidity. 50 Patients 
were stratified low-risk when under the age of 
65 with no other risk factors (insulin-dependent 
diabetes, peripheral vascular disease, COPD, 
smoking within 6 months, gender mismatch, 
or congenital etiology). A donor age <40 years 
and ischemic time <240min were associated 
with a low risk of complications. On the other 
hand, patients with significant comorbidity, par- 
ticularly those on a ventilator at the time of 
transplant and with a donor age >56 years or 
ischemic time >360min had much less satisfac- 
tory outcomes. Whereas patients categorized as 
low risk had 89% survival at 1 year and 80% 
2-year survival, the corresponding figures for the 
high-risk group were 71% and 58%. 

General guidelines for transplant wait-listing 
are shown in Table 4.3. In practice, it is easier 
to define contraindications to transplantation 
(Table 4.4). Alhough age restriction is difficult 
to justify except on the ground of donor organ 
availability, Frazier (personal communication) 
has shown that transplantation provides very 
effective treatment for ischemic cardiomyopathy 
patients in their 70s.. 
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Table 4.3. General indications for cardiac transplantation. 

Criteria for consideration of heart transplantation in advanced 
heart failure 

Significant functional limitation (NYHA class III-IV heart failure) 
despite maximum medical therapy that includes digitalis, 
diuretics, and vasodilators, preferably angiotensin-converting 
enzyme inhibitors, at maximum tolerated doses. 
Refractory angina or refractory life-threatening arrhythmia 
Exclusion of all surgical alternatives to transplantation, such as 
the following: 

Revascularization for significant reversible ischemia 
Valve replacement for severe aortic valve disease 
Valve replacement or repair for severe mitral regurgitation 
Appropriate ventricular remodeling procedures 
Indications for cardiac transplantation determined by severity 
of heart f ailure despite optimal therapy 
Definite indications 
Vo, < lOml/kg/min 

2max ° 

NYHA class IV 

History of recurrent hospitalization for congestive heart 
failure 

Refractory ischemia with inoperable coronary artery dis- 
ease and left ventricular ejection fraction of <20% 

Recurrent symptomatic ventricular arrhythmias 
Probable indications 

V0 2max < 14mg/kg/min (or higher with multiple other risk 
factors) 

NYHA class III-IV 

Recent hospitalizations for congestive heart failure 



Unstable angina not amenable to coronary artery bypass 
grafting, percutaneous transluminal coronary angioplasty 
with left ventricular ejection fraction of <0.25% 







Table 4.4. Contraindications to cardiac transplantation. 


General contraindications 

Presence of any noncardiac condition that would itself 
shorten life expectancy or increase the risk of death from 
rejection or complications of immunosuppression 
Specific contraindications ' 

Age greater than about 65 years (program variability) 
Active infection 
Active ulcer disease 

Severe diabetes mellitus with end-organ damage 
Severe peripheral vascular or cerebrovascular disease 
Coexisting neoplasm 
Morbid obesity 

Creatinine clearance of <40-50ml/min, effective renal 

plasma flow (ERPF) of <200ml/min b 
Bilirubin >2.5 mg/dl, transaminases >2x normal c 
Severe pulmonary dysfunction with forced vital capacity (FVC) 

and forced expiratory volume in the 1 st sec (FEVI) of <about 

40% of predicted, especially with intrinsic lung disease 
Pulmonary artery systolic pressure of >60 mmHg, mean 

transpulmonary gradient of >15 mmHg, or pulmonary 

vascular resistance of >5 Wood units d 
Acute pulmonary thromboembolism 
Active diverticulitis 

High risk of life-threatening noncompliance 

(continued) 
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Table 4.4. (continued) 

Inability to make strong commitment to transplantation 
Cognitive impairment severe enough to limit comprehension 

of medical regimen 
Psychiatric instability severe enough to jeopardize incentive 

for adherence to medical regimen 
History of recent smoking (within 6 months) 
History of recurring alcohol or drag abuse 
Failure of established stable address or telephone number 
Previous demonstration of repeated noncompliance with 

medication or follow-up 
Lack of independent family or social support system 
History of marked depression or emotional instability 

"May be relative or absolute depending on severity or program 
philosophy. 

b May be suitable for cardiac transplantation if inotropic support 
and hemodynamic management produce a creatinine level of 
< 2 mg% and creatinine clearance of > 50 ml/min. Transplantation 
may also be advisable as combined heart kidney transplant. 
'Requires liver biopsy to exclude cirrhosis or other intrinsic 
liver diseases. 

d These apply only if the increased resistance is largely nonre- 
active (fixed). 

4.7. Lifetime Mechanical 
Circulatory Support 

As it becomes socially less acceptable to discard 
patients at 65 years, indefinite mechanical circula- 
tory support now provides an important off-the-shelf 
alternative therapy with the potential to exceed 
transplant numbers by a factor of 50 to 1. 

While the evidence base for transplantation 
in non-inotrope- or device-dependent patients 
become less secure, the use of mechanical circu- 
latory support as an alternative to maximum 
medical therapy has a strong evidence base in 
the REMATCH trial. 26 There are important dif- 
ferences between the application of mechanical 
cardiac support for acute circulatory failure ver- 
sus chronic cardiac deterioration. Blood pumps 
implanted electively for chronic cardiomyopathy 
are usually placed in patients with long-standing 
heart failure who remain severely symptomatic 
or decompensate on maximum medical therapy. 
In general, the end organs have been subjected 
to prolonged periods of low cardiac output and 
have adapted to this over time. Under these condi- 
tions, the majority of patients are well served with 
implantable LVAD alone. Even in the presence 
of high pulmonary vascular resistance, the right 
ventricle rarely needs support (no more than 10% 


of patients). 51 On the other hand, patients with 
acute cardiogenic shock after massive myocardial 
infarction without preexisting cardiomyopathy are 
subjected to profound low-flow states, which cause 
multiple organ failure if not promptly reversed. 
Under these circumstances, biventricular support 
is particularly valuable and in extreme cases biv- 
entricular replacement with the CardioWest total 
artificial heart may be required to sustain life in 
potential transplant candidates 52 (Figure 4.5). 

4.8. Decision-Making 

in Patients with Idiopathic Dilated 

Cardiomyopathy 

The natural history of idiopathic dilated cardiomy- 
opathy is less predictable than for ischemic car- 
diomyopathy. Remission and prolonged survival 
are well documented in transplant-listed Stage D 
patients. In Shah's analysis of survival in patients 
removed from a heart transplant waiting list, freedom 
from death 8 years after wait-listing exceeded 80% 
for idiopathic dilated cardiomyopathy, compared 
with around 30% for ischemic patients. 50 In addition 
to improvement on medical management, left ven- 
tricular unloading with an LVAD has the propen- 
sity to provide sustainable recovery in myocardial 
function in selected patients. 53 With increasing 
awareness of the mechanisms of ventricular recov- 
ery, together with the availability of other non- 
transplant surgical options, it is debatable whether 
cardiac transplantation should be undertaken as the 
primary treatment for this condition. 

In dilated cardiomyopathy the projected mortality 
is directly related to the severity of systolic dysfunc- 
tion. Increased chamber sphericity and the presence 
of mitral regurgitation are markers of worse prog- 
nosis (1-year mortality 54-70%). As the failing left 
ventricle dilates, the papillary muscles are displaced, 
coaptation of the mitral valve leaflets is decreased, 
and a central jet of mitral regurgitation appears 
(Figure 4.6). Mitral regurgitation then leads to more 
volume overload of the already dilated chamber. 

4.8.1. Mitral Valve Repair 

Reports of prohibitive operative mortality for 
mitral valve replacement in dilated cardiomyopathy 
patients in the early 1980s implied that the failing 
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Figure 4.6. The mechanism of mitral regurgitation in 
idiopathic dilated cardiomyopathy. 

ventricle will deteriorate further if the "blow- 
off' into the left atrium is removed. More recent 
information shows that mitral valve repair with 
preservation of the subvalvular apparatus carries 
low perioperative mortality, good medium-term 
survival, and symptomatic relief through improvement 


in cardiac index. Boiling has reported the effects 
of mitral repair in patients with very advanced 
disease. 53 All had severe left ventricular systolic 
dysfunction with preoperative LVEF ranging from 
8% to 25% (mean 16 ± 3%). The average duration 
of cardiomyopathy was 4 years (range 0-16). All 
patients underwent remodeling ring annuloplasty 
with an undersized flexible ring and half had 
tricuspid annuloplasty. Hospital mortality was less 
than 2% while 12- and 24-month survival were 82% 
and 72%, respectively. All patients were restored 
to NYHA class I or II with a mean postoperative 
LVEF of 26%. Peak MVo, rose from a mean of 

2 max 

14.5 to 18.6ml/kg/min. Echocardiography at 2 years 
postoperatively showed a pronounced reduction 
in sphericity, regurgitant volume, and regurgitant 
fraction. LVEF and end-diastolic and end-systolic 
volumes were all improved (Table 4.5). Others have 
not achieved the same degree of success with this 
approach. 
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Table 4.5. Change in ventricular function and size after mitral repair in patients with 
advanced heart failure. 


v ai iciuic 
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End-diastolic volume (ml) 

335 + to/ 

JO / ± 103 

— a + y 
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End-systolic Volume (ml) 

277 + 101 

237 + 98 

-15 + 14 

0.03 

Stroke volume (ml) 

58 + 13 

70 + 21 

12+ 10 

0.02 

Ejection fraction (%) 

18 + 5 

24+ 10 

31 + 24 

0.03 

Mitral inflow (l/mm) 

12.4 + 5.3 

5.4 + 0.5 

-49 + 22 

0.02 

Forward cardiac output (1/min) 

3.2+ 1.0 

4.7 + 0.9 

52 + 38 

0.01 

Regurgitant volume (1/min) 

9.2 + 5.4 

0.8 + 0.6 

88.6+ 10.1 

0.01 

Regurgitant fraction (%) 

70+ 14 

15+11 

-79 + 15 

<0.001 


Percentage change from preoperative study at 4-6 months postoperatively. The NYHA class fell 
significantly from 3.9 + 0.4 to 1.8 + 0.5 (p Value <0.001). 
From Boiling et al. 53 
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4.8.2. External Cardiac Constraint 

Following the disappointing results of dynamic 
skeletal muscle cardiomyoplasty, a much simpler 
concept has evolved to prevent the progression of 
left ventricular remodeling in dilated cardiomyopa- 
thy. Acorn Cardiovascular (Saint Paul, Minnesota) 
developed a passive constraint device of mesh-like 
polyester material to surround the left and right 
ventricle 54 (Figure 4.7). The fabric has a unique 
bidirectional compliance that allows the mesh to 
conform to the ellipsoid surface of the heart. The 
passive jacket is positioned around the ventricles 
and sutured posteriorly and laterally, slightly above 
or below the atrioventricular groove. This provides 
a slight and immediate reduction in the circumfer- 
ence of the heart. Animal models suggest a reduction 
in left ventricular volume and improved cardiac 
function compared with controls. 55 Obviously, the 
mesh does not improve cardiac contraction, but 
it appears to prevent further deterioration. So far 
there is no evidence of constrictive physiology; the 
normal response to volume loading is preserved, 
left and right heart filling pressure do not equalize, 
and transmitral flow parameters do not change 
significantly. Myocardial biopsies from the animal 
models suggest a degree of reverse remodeling 
with the tendency toward less myocyte hypertrophy, 
less interstitial fibrosis, and higher capillary density 
in the treated animals. 

In clinical studies, application has been restricted 
to NYHA class II or III patients, many of whom 
were also subject to mitral valve repair or replacement 
or left ventricular restoration surgery. The Acom 


device did not significantly improve left ventricular 
end-diastolic dimensions, LVESV, peak oxygen 
consumption, or degree of mitral regurgitation 
when used in isolation. The safety and feasibility 
studies confirm that the device does not cause 
constrictive or restrictive physiology, has no effect 
on the epicardial coronary vessels, and can prevent 
progressive remodeling. In contrast, the effects 



Figure 4.7. The Acorn external constraint device. 
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on LVEF and cardiac output (independent from 
concomitant procedures) are limited. Important 
questions remain with regard to patient selection, 
potential long-term adverse effects, and the optimal 
timing for ventricular restraint. However, it is possi- 
ble that early ventricular compressive therapy after 
myocardial infarction could dramatically ameliorate 
the remodeling process. Whether external restraint 
will remain in the surgical armamentarium for 
dilated cardiomyopathy remains to be seen. 

4.8.3. Partial Left Ventriculectomy 
(Batista Operation) 

The importance of wall stress and the LaPlace principle 
is axiomatic in Batista's partial left ventriculectomy 
operation (Figure 4.8). The concept that a dilated 
heart with thinned walls functions poorly because 
the myocytes are placed at a mechanical disad- 
vantage was addressed by attempting to restore 
"normal" left ventricular geometry with reduced 
wall stress and improved contractile function. 56 
This relies on an assumption that noninfarcted 
(but diseased) myocardium can contract normally 
if wall stress is reduced. The concept completely 
ignores the cellular and molecular changes in the 
failing heart, which account for the disappointing 


early and late results of this operation. Despite this, 
partial left ventriculectomy was widely adopted as 
an alternative to transplantation without guidelines 
or convincing information about sustainability and 
survival. The published hospital mortality was 
prohibitive, ranging from 1.8% to 27% with an 
average of 17. 4%. 57 Acceptable hospital mortal- 
ity was achieved by some centers with the aid of 
long-term LVAD support (20% of patients) and 
cardiac transplantation. In survivors, an immedi- 
ate significant decrease in both end-diastolic and 
end-systolic volume indices was achieved. While 
LVEF improved initially, some restudies at 12 
months failed to show significant differences from 
preoperative LVEF in many patients. 

The suggested mechanism for initial improve- 
ment in LVEF was a reduction in systolic wall 
stress rather than a change in contractility. There 
was an inverse relationship between the decrease of 
circumferential end-systolic stress and increase in 
LVEF. In McCarthy's series, mean LVEF improved 
from 13% to 21% and peak oxygen consumption 
from llml/kg/min to 16ml/kg/min at 12 months. 57 
Twelve-month survival at the Cleveland Clinic 
was 80% but LVADs were required for bridge-to- 
transplantation in 16% of patients. Freedom from 
heart failure of any cause (including relisting for 


Figure 4.8. The "Batista" partial left ventriculactomy operation. 
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transplant, death, or class IV symptoms) was only 
50% by 12 months and 38% at 2 years. Alhough the 
reduced ventricular geometric dimensions may be 
sustained up to 12 months, pump function began to 
deteriorate after 6 months. The discrepancy between 
geometry and sustainability of mechanical function 
was attributed to the fact that left ventricular mass 
reduction caused changes in diastolic compliance. 

Currently, most centers that considered partial 
left ventriculectomy as a promising alternative to 
transplantation have redirected this procedure to a 
small number of highly selected dilated cardiomy- 
opathy patients. With emerging alternatives, the 
Batista operation has joined skeletal muscle car- 
diomyoplasty in the dustbin of heart failure opera- 
tions. Even so, the author has some remarkably 
successful long-term outcomes in very sick infants 
without alternatives (Figure 4.9). 



Figure 4.9. Partial left ventriculectomy in an infant with 
anomalous left coronary artery from the pulmonary artery 
and endocardial fibrosis who could not be weaned from car- 
diopulmonary bypass after the repair. Ventricular remodeling 
improved cardiac function and she is NYHA 1 5 years later. 


4.8.4. Mechanical Unloading in Dilated 
Cardiomyopathy 

The propensity for the idiopathic dilated cardio- 
myopathy heart to improve with a combination of 
ACE inhibitors and (3-blockade reflect the benefi- 
cial properties of preload and afterload reduction 
with reduced wall stress. This therapeutic effect on 
the remodeling process can be greatly amplified by 
mechanical unloading with an LVAD. The LVAD 
functions in series with and completely offloads the 
native LV so that the aortic valve remains closed 
(Figure 4.10). The improved systemic blood flow 
improves coronary blood flow, gradually reverses 
multiorgan failure, and increases physical activity. 
Serum aldosterone, plasma renin, atrial natriuretic 
peptide, and norepinephrine levels revert to normal 
as the heart failure syndrome disappears. 



Figure 4.10. Diagram of the pulsatile Novacor L 
which completely replaces the failing left ventricle. 
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Until recently, transplantation was mandatory 
for all patients in the United States committed 
to LVAD. However, when the native heart was 
excised during transplantation, it became clear to 
Frazier and others that some ventricles with idiopathic 
dilated cardiomyopathy had reverted toward nor- 
mal size and weight. 58,59 Comparison of myocar- 
dial biopsies taken first at LVAD implantation, 
then during transplantation, showed regression of 
myocyte hypertrophy with decreased myocytolysis, 
myocardial fibrosis, and apoptosis (Figure 4.11). 
Myocyte genetic expression and cellular metabo- 
lism reverted toward normal. 60 Realization that 
recovering hearts were being discarded by trans- 
plantation led to the concept of mechanical bridge- 
to-myocardial recovery. Complementary to this 
approach is the development of much smaller 
and user-friendly axial flow and centrifugal blood 
pumps (Figure 4.12, a-f). In dilated cardiomyopa- 
thy patients, partial left ventricular unloading with 
a continuous flow device can provide a symbiotic 
relationship between the improving native heart 
and the blood pump (Figure 4.13). The majority 
of unloaded hearts show improvement in function 


and some LVADs can be removed with prolonged 
survival. 61 

The fact that LVAD use does not preclude trans- 
plantation but paradoxically improves posttransplant 
survival suggests that mechanical circulatory sup- 
port could be used primarily for idiopathic dilated 
cardiomyopathy patents, leaving transplantation in 
reserve. After the REMATCH trial, blood pumps 
are already a widely accepted alternative to medical 
management in severely symptomatic non-transplant- 
eligible patients. With improved LVAD technology, 
the Health Care Advisory Board (USA) predicts 
100,000 "lifetime" implants per year by 2010. There 
are early clues to the success of this approach. The 
first permanent Jarvik Flowmaker patient is NYHA 
I and leading a highly productive life, 4.5 years after 
his operation (Figure 4.14). 

Some patients with idiopathic dilated cardiomy- 
opathy, postpartum cardiomyopathy, and myocardi- 
tis have the potential to achieve bridge-to-myocardial 
recovery but there are many considerations before 
this promising approach can be translated into 
widespread clinical success. The first is a reliable 
LVAD for patients of all sizes. This should be 
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Figure 4. 1 1 . Histological samples of the left ventricular muscle taken at the time of LVAD implantation then after 
cardiac excision during transplantation. The hypertrophied myocytes have returned to normal size after chronic left 
ventricular unloading. 



Figure 4.12. The new axial flow and centrifugal blood pumps, a Jarvik Flowmaker. b Micromed DeBakey VAD. c Berlin 
Incor. d Thermo Cardiosystem II. e Terumo left ventricular assist system (LVAS). 
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Figure 4.13. A Jarvik Flowmaker in situ. Pump flow is set 
to partially offload the left ventricle, thereby allowing ante- 
grade ejection through the left ventricular outflow tract. 

relatively simple to implant and remove, and easy 
for the patient to control. The axial flow pumps are 
promising in this respect. Second, the LVAD must 
be implanted before myocardial fibrosis renders 
reversal of ventricular remodeling unachievable. 
Strategies to promote and sustain myocardial 
recovery with drugs, growth factors, gene therapy, 
and inhibitors of apoptosis are under investigation 
and markers for long-term recovery explored. In 
this respect, the Berlin group has used the disap- 
pearance from the serum of the autoantibody 
against the (3-adrenergic receptor. They speculate 
that this reflects abatement of the immune process, 
which causes functional impairment. 62 

Clinical success with bridge-to-recovery high- 
lights the importance of myocardial pathology. 
Patients with acute myocarditis or postpartum cardi- 
omyopathy who are in terminal decline can be sup- 
ported with an LVAD or BiVAD until resolution of 
the inflammatory process. Even those who require 
external cardiac massage and urgent cardiopulmo- 
nary bypass to sustain life before LVAD implantation 
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Figure 4.14. The first Jarvik Flowmaker "lifetime" 
implant patient 4.5 years after the operation. He leads a 
very productive life including long haul air travel. 



Figure 4.15. Infant with acute myocarditis and cardiac 
arrest who was bridge to recovery with the Berlin Heart. 

can be restored to near-normal cardiac function 63 
(Figure 4.15). For these categories of patients, a 
trial of circulatory support is arguably preferable to 
emergency transplantation and does not preclude this 
option in the event of failure to wean. In their study 
of weaning from chronic left ventricular support, the 
Berlin group compared factors which distinguished 
those with well-sustained recovery from others who 
slipped back into heart failure. Patients with long- 
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lasting recovery were younger, had a shorter history 
of heart failure, a more rapid improvement in car- 
diac performance, and needed a shorter duration of 
LVAD support before indices of cardiac volume and 
function justified device removal. The duration over 
which the autoantibody against the (3-adrenergic 
receptors disappeared from the serum was shorter 
(8.8 weeks vs 9.7 weeks) in patients with sustainable 
recovery. Not different were mean age (41.5 years 
vs 50.3 years), mean LV end-diastolic diameter 
(LVEDD) at the time of device placement (75.2mm 
vs 78.7 mm), LVEF (14.8% vs 17.0%), and mean 
LVEDD 2 months after LVAD placement (53.7mm 
vs 55.6mm). 

The Berlin group concluded that an LVAD 
unloading period of between 8 and 10 weeks 
was optimal in patients destined for sustainable 
recovery and that longer support could lead to 
myocyte atrophy. Others have reservations about 
this limited duration and report success after much 
longer periods. However, Madigan et al. studied 
explanted LVAD unloaded heart between 8 and 155 
days and found structural reverse remodeling to 
be complete to ~40 days. 64 Both LV chamber size 
and myocyte size had stabilized during this period. 
Collagen content was significantly increased in 
hearts supported for more than 40 days and this 
was consistent with a decrease in matrix metallo- 
proteinase activity in these patients. Sarcoplasmic 
endoreticular calcium ATPase (SERCA2a) expres- 
sion increased to normal levels by ~20 days of 
LVAD support. This information is difficult to 
translate into clinical practice when trying to make 
a decision regarding device removal. Nevertheless, 
all patients with idiopathic dilated cardiomyopa- 
thy who undergo LVAD implantation as potential 
bridge-to-transplant should be regarded as poten- 
tial candidates for weaning without any certainty 
of reaching this goal. 

Many serum markers have been shown to be 
pathologically altered at the time of device implan- 
tation and are subsequently improved or normalized 
at the time of removal. These include TNFa, matrix 
metallo proteinases (MMPs) -2 and -9, metallothio- 
nine, p-receptor density and responsiveness, apopto- 
sis, atrial natriuretic factor, NO synthase, IL-6, and 
annexin-1, -2, -4, and -6. However, none of these 
parameters are predictive in determining the revers- 
ibility of cardiac malfunction before LVAD implan- 
tation. Rather, they are markers of chronic overload, 


sympathetic nervous system hyperactivity, and most 
likely, secondary phenomena of the disease. 

Currently, the Berlin group considers the reversal 
of the inflammatory state in end-stage dilated cardio- 
myopathy as a precursor for reverse remodeling. To 
achieve this, they have treated dilated cardiomy- 
opathy patients with immunoadsorption to remove 
the inflammatory autoantibodies. The Berlin- 
treatment algorithm is shown in Figure 4.16 and 
begins with optimal medical management. If this 
fails to improve cardiac status, immuno-adsorption 
is employed when pathological levels of A-(3l- 
autoantibodies are demonstrated. If cardiac func- 
tion continues to deteriorate and if criteria for heart 
transplantation are met, the patient is placed on 
the waiting list. In the event of critical low cardiac 
output before a donor becomes available, then 
mechanical circulatory support is instituted with a 
hope of reversing the ongoing cardiac impairment 
(Figure 4.17). If improvement does not occur, the 
LVAD functions as a bridge to transplantation. 
Given the potential for improvement, the decision 
to insert an LVAD is made relatively early since 
the prospect of reversal of the remodeling proc- 
ess deteriorates with time. Meanwhile, aggressive 
medical and antioxidative treatment of heart fail- 
ure is pursued to enhance the chances of reverse 
remodeling. The patient is then followed by regular 
echocardiographic studies with the pump temporar- 
ily switched off to document LVEF and LVEDD. 
Before considering device explantation, these must 
reach at least 50% and 55 mm, respectively. 

Hetzer and colleagues have reported successful 
explantation of 33 LVADs in dilated cardiomy- 
opathy or myocarditis patients since 1995. 62 The 
mean duration since device removal for all 33 
patients has been 6.5 years (range 1.3-9.3 years), 
5 -year survival after LVAD removal was 82%. 
Sustained improvement for more than 2 years 
after weaning occurred in 61% of the patients. The 
remainder relapsed into heart failure resulting in 
cardiac transplantation or death. Alhough markers 
of myocardial fibrosis were greatly elevated before 
LVAD implantation, the levels were not differ- 
ent between successfully weaned and relapsing 
patients. Irrespective of this, myocardial fibrosis 
seems to play an important role in the potential for 
improvement. By the time of LVAD implantation, 
many end-stage patients had myocardial ultrastruc- 
ture which precludes reverse remodeling. 
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Patients with IDC at the heart failure out-patient clinic 
Examination of the functional status 
Examination of the rhythm status. 



Figure 4.16. Berlin-treatment algorithm for patients with idiopathic dilated cardiomyopathy and worsening heart 
failure. 



Figure 4.17. Child with idiopathic dilated cardiomy- 
opathy with the Berlin Excor device awaiting transplan- 
tation. 


4.8.5. Can the Chances of Recovery 
Be Improved? 

Can the repair mechanism be enhanced to provide 
predictable and sustained recovery? Should earlier 
left ventricular unloading be employed with a newer 
device in order to improve the prospects for recovery? 
To what degree can adjunctive pharmacological or 
stem cell treatment be used to achieve this goal? 

Yacoub et al. have suggested the use of the ana- 
bolic (32-agonist Clenbuterol to induce a so-called 
physiologic hypertrophy during unloading. 65 In rats 
the chronic administration of Clenbuterol (2mg/kg/ 
day vs placebo) produced significant hypertrophy 
and increased SERCA2a content with a prolonged 
action potential and increased oxidative carbohy- 
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drate utilization. The Harefield group combined 
LVAD unloading followed by Clenbuterol admin- 
istration to produce cardiac hypertrophy. In an 
uncontrolled study the authors claim an increased 
likelihood of sustainable myocardial recovery after 
LVAD removal. However, other studies have found 
Clenbuterol to have myotoxic effects, which nega- 
tively influence cardiac function. Bumiston et al. 
found subendocardial and skeletal muscle necrosis 
and apoptosis in rats given 5mg Clenbuterol/kg. 66 
Sleeper et al. administered clenbuterol (2.4|ig/kg) 
over 1 week to 20 horses. 67 This resulted in a signifi- 
cant decrease in myocardial function and increased 
aortic root dimensions, suggesting the risk of aneu- 
rysm formation. Further evidence is required before 
this (32-agonist is adopted in clinical practice. A 
larger multicentric trial is therefore planned. 

4.9. Lifetime Circulatory Support 
as the Primary Treatment Option 
for Advanced Heart Failure 

Three major developments have set the scene for 
indefinite mechanical circulatory support (lifetime or 
destination therapy) to develop into a primary treat- 
ment option for end-stage heart failure. First, a consid- 
erable amount of knowledge and expertise has been 
gained from long-term bridging to transplantation. 
This experience with pulsatile LVADs has provided 
up to 4 year survival with fewer device-related com- 
plications. LVAD blood flow reverses the heart fail- 
ure syndrome, while mechanical unloading improves 
native cardiac function. 68 Second, the REMATCH 
trial has demonstrated improved survival with LVAD 
use over medical management in advanced heart 
failure. 26 REMATCH provides the evidence base 
for widespread LVAD use as an alternative treat- 
ment for non-transplant-eligible patients. Given that 
many transplant candidates die without receiving a 
donor organ, and that pre-transplant LVAD support 
has been shown to improve transplant survival, the 
question arises as to whether more transplant-eligible 
patients should be offered circulatory support as a 
therapeutic option. Third, the new axial flow and 
centrifugal pumps, which provide continuous flow, 
appear to be as effective as LVADs, which provide 
stroke volume and pulse pressure. These miniatur- 
ized blood pumps are silent, less obtrusive, and more 


user-friendly allowing early discharge from hospital 
and an active life in the community. 69 Avoidance of 
a transcutaneous abdominal driveline has reduced the 
risk of device infection 70 (Figure 4.18). 

As an off-the-shelf commodity, LVADs are 
destined to join the pacemaker, cardiac resynchroniza- 
tion therapy, and the implantable defibrillator as 
first-line treatment of the failing heart. There are 
two major limitations to this progress. The first 
is cost of blood pumps, which must fall as their 
application becomes more widespread. The second 
is LVAD team expertise, which is currently limited 
to a small number of transplant centers. 

4.9.1. Patient Selection for Lifetime 
Circulatory Support 

Analysis of mortality in LVAD patients shows that 
many die as results of irreversible organ dysfunction 
or comorbidities present at the time of implantation. 26 
These cases have been left too late. Until recently, 
patients considered for lifetime LVAD use have, by 
protocol, been ineligible for cardiac transplantation 
and in an advanced state of decompensation. Many 
already have multisite pacing, an implantable defi- 
brillator, or are confined to hospital with intravenous 
inotropes or a balloon pump. The REMATCH study 
showed that when a patient is considered unsuitable 
for transplantation, by the same argument the patient 
may already have an unreasonably high risk for any 
type of cardiac surgery. 26 The decision to proceed to 
lifetime circulatory support should therefore be made 
on an elective basis and not as a salvage procedure. 
The patient should be a reasonable surgical candidate 
at acceptable risk. With safer, more user-friendly 
devices and less invasive operations, LVAD deploy- 
ment should be brought forward out of the end-stage 
arena. With the expansion of information technology 
and increased patient awareness many heart failure 
patients now request LVAD therapy. Some LVAD 
patients will inevitably require transplantation due to 
progressive right heart failure. Paradoxically, other 
individuals who have been excluded from transplan- 
tation through renal impairment or increased pulmo- 
nary vascular resistance will improve sufficiently to 
achieve transplant status. 

Identifying appropriate patients before the onset 
of irreversible organ dysfunction improves survival 
and reduces the degree of postoperative morbidity. 
In the presence of significant organ dysfunction, 
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a 

Figure 4.18. a "First generation" LVAD driveline infection, b Skull-mounted power delivery based on cochlear implant 
technology. This system provides freedom from infection through rigid fixation in fat free highly vascular scalp skin. 


the option of LVAD therapy is followed if the 
potential for organ recovery exists. The inclusion 
criteria for the REMATCH trial provide adequate 
guidelines for LVAD use. These patients were in 
chronic advanced heart failure (NYHA class IV) 
for at least 90 days though selection criteria were 
later broadened to NYHA class III or IV for 28 days 
but with recent requirement for intra-aortic balloon 
pump or inotrope support. The patient should have 
LVEF <25% and peak exercise oxygen consump- 
tion < 12mg/kg/min. While the great majority of 
REMATCH patient were inotrope or balloon pump 
dependent, it is widely recognized that lifetime 
LVAD implant should be performed electively 
before this premorbid state. Bridge-to-transplant 
selection criteria such as cardiac index <2 Vmin/m 2 , 
systolic blood pressure <80mmHg, and pulmonary 
capillary wedge pressure >20mmHg should not be 
a requirement for lifetime implant. 

Perhaps the best patients for long-term LVAD 
therapy are those with idiopathic dilated cardiomy- 


opathy, NYHA class III or IV with multiple hospital 
admission for medical stabilization, and an unac- 
ceptable quality of life at home. The use of prognos- 
tic models such as the Heart Failure Survival Score, 
which relies on the use of noninvasive clinical vari- 
ables, may prove useful in identifying a homogene- 
ous group of high-risk patients in this category. 

4.9.2. Contraindications to LVAD Use 

In many respects it easier to define contraindications 
to LVAD therapy. LVAD candidates should have 
no major irreversible cognitive defects that would 
limit their understanding of LVAD maintenance or 
ability to troubleshoot LVAD alarms. Stroke with 
motor impairment alone should not necessarily be a 
contraindication if sufficient family support is avail- 
able. Patients with significant chronic obstructive 
or restrictive lung disease are at increased risk of 
mortality, particularly in the presence of pulmonary 
vascular disease and pulmonary hypertension that is 
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not reversed by vasodilator therapy. LVAD therapy 
reduces right ventricular afterload by reducing left 
ventricular filling pressure. In situations where pul- 
monary vascular resistance is fixed, unloading of the 
left ventricle may not achieve a significant reduction 
in right ventricular afterload. Restrictive pulmonary 
blood flow may impair LVAD filling in the presence 
of right-sided circulatory failure. Prolonged LVAD 
therapy will lower pulmonary vascular resistance 
and candidates are acceptable with resistance up to 6 
Wood units or more in selected cases. The possibility 
of pulmonary thromboembolic disease should be con- 
sidered and eliminated. There are no absolute criteria 
for pulmonary function testing since these may yield 
unreliable results in patients with pulmonary edema or 
cardiogenic shock. Generally, when pulmonary func- 
tion testing is feasible, a forced expiratory volume at 
1 s of 50% of predicted, forced vital capacity of 50% 
of predicted, and diffusion capacity of the lung for 
carbon monoxide of 50% of predicted are adequate 
guidelines for accepting patients for LVAD therapy. 

Although renal insufficiency is a significant risk 
factor for adverse LVAD outcome, careful evaluation 
must be performed in order not to exclude patients 
with the potential for recovery. The effects of low 
cardiac output must be differentiated from those of 
diabetic nephropathy or hypertensive renal disease. In 
contrast, significant hepatic dysfunction (assessed by 
total serum bilirubin, international normalized ratio 
(INR), or both) is an important marker for adverse out- 
come. 71 An INR exceeding 1.5, raised liver enzymes 
or bilirubin of >5 times normal, and established cir- 
rhosis or hepatic fibrosis with portal hypertension are 
all definite contraindications to LVAD therapy. Even 
mild elevation of serum bilirubin and liver enzymes 
suggests the need for biventricular, as opposed to left 
ventricular, support. 

Significant right heart failure is an important 
obstacle to providing lifetime circulatory support 
with an LVAD alone. Risk factors for postopera- 
tive right-sided circulatory failure include elevated 
central venous pressure (>16mmHg), significant 
tricuspid insufficiency, right ventricular dysfunc- 
tion despite low pulmonary artery pressure, low 
right ventricular stroke work index, and myocar- 
dial infarction with significant right ventricular 
and septal wall involvement. 72 Patients with an 
increased need for right ventricular assist device 
(RVAD) support may be an inappropriate group 
to consider for destination therapy until better 
RVADs or total artificial hearts are available. 


Significant valvular pathology can have important 
adverse effects in LVAD patients. Aortic stenosis in 
the absence of regurgitation is not a contraindication 
to an LVAD implant. Mild-to-moderate aortic regur- 
gitation can have a catastrophic impact on LVAD 
hemodynamics. Reductions in left ventricular pres- 
sure increase the pressure gradient across the aortic 
valve and increase the degree of aortic leak. Mild- 
to-moderate aortic insufficiency may become severe 
with initiation of LVAD support because of the fall 
in end-diastolic pressure and increase in aortic root 
pressure. Patients with a mechanical prosthesis in the 
aortic position must have this replaced with a biopros- 
thetic valve to avoid thrombosis. Even so, a biopros- 
thesis in the aortic position is also prone to thrombosis 
or fusion during complete unloading of the left ven- 
tricle. Fusion of native aortic valve leaflets has been 
reported with the pusher-plate devices, which actively 
empty the ventricle and prevent ejection. 73 

Patients with significant preexisting mitral ste- 
nosis require valvuloplasty before implantation 
of an LVAD but mitral regurgitation usually does 
not have an impact on LVAD function. However, 
elevation in pulmonary arterial pressure may per- 
sist with severe mitral regurgitation and reverse 
remodeling of the left ventricle can be adversely 
affected. In situations where weaning from LVAD 
support might be considerated, correction of the 
mitral pathology is necessary. 

Adequate right heart function is extremely impor- 
tant to maintain pulmonary blood flow early after 
LVAD implantation. Severe tricuspid regurgitation 
impairs the forward flow of blood through the lungs 
particularly when pulmonary vascular resistance is 
elevated. Severe tricuspid regurgitation also con- 
tributes to elevated central venous pressure, hepatic 
congestion, and renal dysfunction. Tricuspid regur- 
gitation may be present preoperatively in the set- 
ting of volume overload and biventricular failure, 
but may also develop after LVAD insertion if right 
ventricular dilatation occurs from leftward shift of 
the interventricular septum. Accordingly, tricuspid 
valve repair may be required to improve right-sided 
circulatory function. 

Intra-cardiac shunts, such as patent foramen 
ovale (PFO) or atrial septal defect (ASD), may 
cause important right-to-left shunting and systemic 
desaturation. These must be eliminated before 
LVAD implant. Atrial flutter or fibrillation reduce 
right ventricular filling but are reasonably well tol- 
erated by LVAD patients. Even ventricular fibrilla- 
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tion may occur unnoticed in LVAD patients when 
pulmonary vascular resistance is low. 

4.10. Summary 

The scope of heart failure surgery has progressed 
substantially over the past 10 years but aware- 
ness remains limited in the medical community. 
Nontransplant operations play an important role 
as the donor pool diminishes. Xenotransplantation 
is unlikely to provide a long-term "off-the-shelf 
solution but mechanical devices are improving 
progressively toward this goal. 

Decision making remains difficult as the evi- 
dence base is far from complete. Joint medical and 
surgical clinics are beneficial in this context. Many 
patients are referred late in the disease process 
and become high-risk candidates for conventional 
surgery. Satisfactory results may then depend upon 
the liberal use of the intra-aortic balloon pump or 
temporary circulatory support systems. Because 
of this, all specialized heart failure centers should 
gain access and experience with this technology. 
New approaches such as the use of autologous 
bone marrow stem cells provide an exiting insight 
into the future. As the demand increases, so does 
the need for innovation. 

Key Points to Remember 
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Transplantation for End-Stage Heart 
Disease 

David C. McGiffin and James K. Kirklin 


The history of cardiac transplantation is an intriguing 
story which started as a clinical experiment 30 
years ago resulting in depressingly poor results to 
the point that the procedure risked abandonment as 
futile therapy. An era of renaissance emerged coin- 
cident with the introduction of cyclosporine -based 
immunosuppression evolving into an era where 
cardiac transplantation was regarded as the primary 
and "gold standard" therapy for end-stage heart 
disease. No doubt other factors and experience 
played into this development. Cardiac transplantation 
now, however, has entered quite a different era as 
a result of the considerable imbalance between the 
number of available donor hearts and the much 
greater number of potential recipients as well as 
the imperfections in current immunosuppression 
and the life -limiting effects of chronic rejection 
manifesting as coronary allograft vasculopathy. 
In this present era, cardiac transplantation is but 
one of many surgical and nonsurgical alternatives 
for patients with end-stage heart disease. The 
challenge in this era is the accurate assignment 
of one or more therapies for an individual patient 
to produce the maximal benefit in terms of life 
expectancy and quality of life. The appropriate 
assignment of therapy for an individual patient is 
predicated upon the generation of patient-specific 
(which implies risk adjusted) time-related survival 
estimates for these various therapies, but currently 
the widespread application of this process remains 
elusive. 

Although the concept of survival benefit margin 1 
may not necessarily be articulated, it is embodied 
in the decision-making processes throughout trans- 
plantation for an individual patient. It permeates 


decision making regarding alternative surgical and 
nonsurgical therapies, listing for transplantation, 
donor selection, and donor-recipient matching. In 
essence, the concept of survival benefit margin 
refers to the difference in predicted survival for 
an individual patient between the natural history 
without transplantation and that of cardiac trans- 
plantation. Ultimately, decision making for an 
individual patient represents a very difficult balance 
between maximizing survival benefit margin (such 
as recipient B in Figure 5.1), but with the potential for 
inferior survival compared with a recipient whose 
survival benefit margin is not as great (recipient 
A in Figure 5.1), even though long-term survival 
is superior. It is the improving results of cardiac 
transplantation, the results of surgical and nonsur- 
gical alternatives to transplantation, and the changing 
landscape of donor organ availability (such as the 
use of "marginal" donor hearts) that makes appli- 
cation of these important allocation principles so 
challenging. 

5.1. Recipient Evaluation, 
Selection, and Listing 
for Transplantation 

The evaluation process for patients with end-stage 
heart disease integrates the goals of avoiding car- 
diac transplantation either prematurely or too late 
in the natural history of the disease, considering 
alternative therapies to cardiac transplantation, and 
detecting comorbidity that would contraindicate 
transplantation. Therefore, the approach to patients 
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Figure 5.1. Hypothetical depiction of survival benefit margin for a stable recipient in good condition (Recipient A) 
and a seriously ill recipient with multiple risk factors (Recipient B). (Kirklin et al., 1 with permission). 


with end-stage heart disease 1 is to (a) detect poten- 
tially reversible causes of heart failure, (b) evaluate 
severity of heart failure and functional capacity, 

(c) tailor medical therapy to relieve symptoms, 

(d) assess risks of rapid progression of heart fail- 
ure or sudden death, (e) identify indications for 
transplantation, (f) exclude contraindications to 
transplantation, (g) and throughout the evaluation 
and listing process, continue to manage heart fail- 
ure and regularly reevaluate the patient to ensure 
appropriateness of the therapeutic strategy. 

Implicit in the timing for listing for cardiac 
transplantation is the assumption that the natural 
history of end-stage heart disease can be predicted, 
but unfortunately this information is still quite 
imperfect. There have been a number of attempts 
made to develop predictive equations for survival 
with advanced heart failure, and this information is 
important to incorporate into the decision-making 
process; for example, the Heart Failure Survival 
Score (HFSS) from Columbia-Presbyterian 
Medical Center. 2 - 3 This score was developed using 
multivariable methods to determine both noninva- 
sive and invasively derived variables that predict 
either death without transplantation or the need 
for urgent cardiac transplantation. A final nonin- 
vasive predictive model was developed containing 
the following variables: ischemic cardiomyopathy, 
resting heart rate, left ventricular ejection fraction, 
intraventricular conduction delay (QRS duration > 


0.12 s), mean resting blood pressure, peak Vo 2 , and 
serum sodium. The addition of invasive variables, 
such as right heart catheterization information, did 
not increase the discrimination of the model. From 
this model a heart failure survival score was devel- 
oped and patients could be stratified into groups 
with quite different survival (Figure 5.2). On the 
basis of this stratification, patients in the medium 
and high-risk strata would likely have better sur- 
vival with cardiac transplantation. This type of 
modeling may allow more rational decision mak- 
ing in the management of patients with end-stage 
heart disease. 

A protocol for potential recipient evaluation 
is outlined in Table 5.1. Part of the evaluation 
includes determination of the immunologic status 
for the purpose of recipient-donor matching and 
assessment of the adequacy of the patient's social 
support and financial resources since deficiencies 
in these areas may be just as threatening to sur- 
vival and quality of life as any comorbid medical 
condition. 

General guidelines have been established as 
indications for cardiac transplantation 1 (Table 5.2) 
although increasing knowledge of the results of 
alternative therapies for patients with heart failure, 
improving results of cardiac transplantation with 
the seemingly immutable shortage of donor hearts, 
and the specific criteria that precipitates listing for 
transplantation are still very much in flux. However, 
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Figure 5.2. Event-free survival of patients with advanced heart failure, stratified into low-, medium-, and high-prognostic-score 
risk groups on the basis of a multivariable model incorporating noninvasively-derived risk factors. The number of patients 
remaining available for follow-up for each risk group is shown below each graph. An event is defined as death without 
transplantation or UNOS status I transplant (Aaronson et al., 3 with permission). 

Table 5.1. Evaluation protocol for cardiac transplantation. 
General 

Complete history and physical examination 
Nutritional status evaluation 3 

Blood chemistries including liver and renal profiles [bilirubin, SGOT (AST), alkaline phosphatase, BUN, creatinine, calcium, 
phosphorus, magnesium] 

Hematology and coagulation profile [complete blood cell count, differential, platelet count, prothrombin time (or International 

Normalized Ratio), partial thromboplastin time, fibrinogen] 
Serum electrolytes 
Lipid profile 3 
Urinalysis 

24-h urine for creatinine clearance (and protein if diabetic or urinalysis positive for protein" 

Nuclear renal scan with measurement of effective renal plasma flow 3 (ERPF) 

Pulmonary function testing with arterial blood gases 

Ventilation-perfusion scan 3 

Stool for heme 

Mammography 3 

Prostate-specific antibody (PSA) 3 

Abdominal ultrasound study (liver, pancreas, gall bladder, and kidney evaluation) 
Carotid ultrasound 
Social evaluation 
Psychiatric evaluation 

Neuropsychiatric evaluation (neurocognitive evaluation) 3 
Dental evaluation 
Sinus films 3 
Cardiovascular 
Electrocardiogram 
Chest radiograph (PA and lateral) 
Two-dimensional echocardiogram with Doppler study 
Exercise test with oxygen consumption (peak Vo,) 
Right-heart catheterization with detailed hemodynamic evaluation 
Shunt series 3 


(continued) 
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Table 5,1, (continued) 

Left-heart catheterization with coronary angiography 3 
Myocardial biopsy" 

Radionuclide angiogram (gated blood pool study)" 

Nuclear imaging study for myocardial viability (fhallium-201 or positron emission tomography)" 
Holter monitor for arrhythmias (if ischemic cardiomyopathy)" 
Immunology 

ABO blood type and antibody screen 
Panel-reactive antibody (PRA) screen 

Human leukocyte antigen (HLA) typing (if to be listed for transplantation) 
Infectious Disease Screening 

Serologies for hepatitis A, B, and C; Herpes virus, human immunodeficieincy virus (HIV), cytomegalovirus (CMV), 
toxoplasmosis, varicella, rubella, Epstein-Barr virus, veneral disease research laboratory (VDRL), Lyme titers", 
histoplasmosis, and coccidioidomycosis complement-fixing antibodies" 

Throat swab for viral cultures (CMV, adenovirus, Herpes simplex virus)" 

Urine culture and sensitivity" 

Stool for ova and parasites" 

PPD (purified protein derivative) skin test with controls (i.e., mumps, dermatophytin, histoplasmosis, and coccidioidomycosis") 

Kirklin et al., 1 with permission. 

"Only performed if appropriate or indicated. 


Table 5.2. General indications for cardiac transplantation. 
Criteria for consideration of heart transplantation in advanced heart failure 

Significant functional limitation (NYHA class III— IV heart failure) despite maximum medical therapy that includes digitalis, diuret- 
ics, and vasodilators, preferably angiotensin-converting enzyme inhibitors, at maximum tolerated doses. 

Refractory angina or refractory life-threatening arrhythmia 

Exclusion of all surgical alternatives to transplantation, such as the following: 
Revascularization for significant reversible ischemia 
Valve replacement for severe aortic valve disease 
Valve replacement or repair for severe mitral regurgitation 
Appropriate ventricular remodeling procedures 

Indications for cardiac transplantation determined by severity of heart failure despite optimal therapy 

Definite indications 

Vo, max < lOml/kg/min 
NYHA Class IV 

History of recurrent hospitalization for congestive heart failure 

Refractory ischemia with inoperable coronary artery disease and left ventricular ejection fraction < 20% 
Recurrent symptomatic ventricular arrhythmias 
Probable indications 

Vo 2 max < 14mg/kg/min (or higher with multiple other risk factors) 
NYHA class III-IV 

Recent hospitalizations for congestive heart failure 

Unstable angina not amenable to coronary artery bypass grafting, percutaneous transluminal coronary angioplasty with left 
ventricular ejection fraction < 0.25% 

Kirklin et al. 2004, with permission 1 


it is generally accepted that patients should be 
considered for cardiac transplantation when they 
have New York Heart Association (NYHA) class 
III-IV heart failure, severe reduction in the quality 
of life due to their symptoms, and a predicted 2-year 
survival of less than approximately 60%. 


Transplantation of United Network for Organ 
Sharing (UNOS) status II patients is a contentious 
issue since some studies have questioned the 
survival advantage for these patients with cardiac 
transplantation. 4,5 However, the issue is complicated 
by the apparent survival advantage in pediatric 
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Table 5.3. Contraindications to cardiac transplantation. 
General Contraindications 

Presence of any noncardiac condition that would itself shorten life expectancy or increase the risk of death from rejection or 

complications of immunosuppression 
Specific Contraindications" 

Age greater than about 65 years (program variability) 
Active infection 
Active ulcer disease 

Severe diabetes mellitus with end-organ damage 
Severe peripheral vascular or cerebrovascular disease 
Coexisting neoplasm 
Morbid obesity 

Creatinine clearance < 40-50 ml/min, effective renal plasma flow (ERPF) < 200ml/min b 
Bilirubin > 2.5mg/dl, transaminases > 2x normal 0 

Severe pulmonary dysfunction with FVC and FEVj < about 40% of predicted, especially with intrinsic lung disease 

Pulmonary artery systolic pressure > 60mmHg, mean transpulmonary gradient > 15mmHg or pulmonary vascular resistance > 5 

Wood units' 1 
Acute pulmonary thromboembolism 
Active diverticulitis 

High risk of life-threatening noncompliance 

Inability to make strong commitment to transplantation 

Cognitive impairment severe enough to limit comprehension of medical regimen 

Psychiatric instability severe enough to jeopardize incentive for adherence to medical regimen 

History of recent smoking (within 6 months) 

History of recurring alcohol or drug abuse 

Failure of established stable address or telephone number 

Previous demonstration of repeated noncompliance with medication or follow-up 
Lack of independent family or social support system 
History of marked depression or emotional instability 

Kirklin et al., 1 with permission. 

a May be relative or absolute, depending on severity or program philosophy. 

b May be suitable for cardiac transplantation if inotropic support and hemodynamic management produce a creatinine < 2mg% and 
creatinine clearance > 50 ml/min. Transplantation may also be advisable as combined heart-kidney transplant. 
c Requires liver biopsy to exclude cirrhosis or other intrinsic liver disease. 
d These apply only if the increased resistance is largely nonreactive (fixed). 


heart transplantation (for status II recipients) 6 and 
the paucity of available information for prediction 
of the "natural history" within various subsets of 
status II adult patients. 

There are a number of contraindications for car- 
diac transplantation 1 (Table 5.3). Although there 
would be general agreement that many of these 
contraindications are absolute, some would be 
regarded as relative, based on programmatic 
experiential reasons or risk/benefit considerations 
in an individual patient. For example, in many 
programs renal dysfunction (due to intrinsic renal 
disease or associated with heart failure) would 
not be regarded as a contraindication as excellent 
results can be achieved with combined heart-kidney 
transplantation. 

The current etiologies of heart failure that are 
considered for transplantation are predominantly 


ischemic heart disease and dilated cardiomyopathy. A 
much smaller proportion of adult patients undergo 
transplantation for heart failure associated with 
previous correction of congenital heart disease 
such as a failing Fontan procedure, end-stage valvular 
heart disease, and retransplantation. 

Cardiac retransplantation requires special comment. 
Current information 7 suggests that patients with 
early graft failure or graft failure due to acute 
rejection should not be offered retransplantation 
because of inferior survival compared to primary 
cardiac transplantation (Figure 5.3). However, 
retransplantation due to coronary allograft vas- 
culopathy or other nonspecific graft failure is an 
appropriate indication for retransplantation since 
the survival of these patients is very similar to that of 
patients undergoing primary cardiac transplantation 
(Figure 5.4). 
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Figure 5.3. Actuarial survival (Kaplan-Meier) stratified by reason for cardiac retransplantation. Vertical bars represent the 
standard error. (Radovancevic et al., 7 with permission). 
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Figure 5.4. Actuarial survival (Kaplan-Meier) for patients 
undergoing cardiac retransplantation for CAV or nonspecific 
graft failure (era 1996-1999) compared with that of 
patients undergoing primary cardiac transplantation. 
Vertical bars represent the standard error. (Radovancevic 
et al., 7 with permission). 

In the United States, patients are listed for car- 
diac transplantation with UNOS. This organiza- 
tion is responsible for the donor organ distribution 
system. Table 5.4 s is a simplification of the policy 
for allocation of thoracic organs, which in essence 
allocates donor hearts based on priority reflecting 
the severity of illness. Similar organ allocation or 
placement agencies exist in Australia, Europe, the 
United Kingdom, and other areas where cardiac 
transplantation is offered. 


5.2. Cardiac Donor Evaluation 

Cardiac transplantation is possible only through 
unselfish organ donation by families at the worst 
possible time of their lives. The procurement of 
hearts from heart-beating donors is predicated 
upon the worldwide acceptance of brain death cri- 
teria. The volume of cardiac transplantation is lim- 
ited by donor heart availability and there will never 
be enough donor hearts available to fill the need. 
The immutable shortage persists despite inten- 
sive educational programs, and in some European 
countries "presumed consent" laws as well as in 
the United States "required request" protocols, that 
mandate that hospitals approach families of brain 
dead patients regarding organ donation. 

5.2.1. Effects of Brain Death on Cardiac 
Function 

Brain death is a hostile environment for the heart 
and impacts cardiac transplantation by causing donor 
heart dysfunction. This may preclude use of the donor 
heart or contribute to the not insignificant incidence 
of primary graft failure following cardiac transplan- 
tation. The causes of donor heart dysfunction can 
be conceptualized into two phases — those occurring 
with the Cushing response and those following 
dissipation of the Cushing response (Figure 5.5). 
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Table 5.4. Description of UNOS status levels. 


Status IA 


Status IB 


Status II 
Status VII 


Must be an inpatient with at least one of the following: 
Life expectancy less than 7 days 
VAD-related thromboembolism 

VAD-related infection (including the pocket and the driveline) 

ECMO (extra-corporeal membrane oxygenator) 

Intra-aortic balloon pump with inotropic criteria 

Continuous invasive hemodynamic monitoring with inotropic criteria 

Life-threatening arrhythmias 

Mechanical ventilation 

30 days following medical stabilization after VAD implantation 

Inotrope-dependent 

VAD not meeting criteria for IA status 

Not inotrope-dependent and without a VAD 

Inactive on list either because of improved clinical status or short-term contraindications to cardiac transplantation 
(i.e., active infection) 


Inotrope Criteria for Status IA 

(1) Two or more inotropes regardless of dose 

(2) IV milrinone at least 0.5mcg/kg/min via continuous infusion 

(3) IV dobutamine at least 7.5 mcg/kg/min via continuous infusion 


Boyle, 8 with permission. 

UNOS United Network for Organ Sharing, VAD ventricular assist device 
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Figure 5.5. Pathophysiological effects of brain death on the cardiovascular system following brain death. (Based in 
part on Szabo). 11 
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The Cushing response is a "catecholamine storm" 
inducing hypertension, tachycardia, intense vaso- 
constriction, and an increase in myocardial oxy- 
gen demand, resulting in myocardial ischemia. The 
injury to the myocardium is a phenomenon known 
as myofibrillar degeneration (which is also known as 
contraction band necrosis or coagulative myocytoly- 
sis) which is distinct from the coagulation necrosis 
seen in acute myocardial infarction. Myofibrillar 
degeneration is characterized histologically by the 
death of myofibers in a hypercontracted state with 
obvious contraction bands. The other important his- 
tological feature that may be seen is a mononuclear 
cellular infiltrate, which is evidence of the intense 
inflammatory response known to be activated with 
brain death. There are experimental studies 910 that 
have detected upregulation of cytokines, chemok- 
ines, adhesion molecules, and immunoregulatory 
molecules. This happens along with leukocyte acti- 
vation. All of these likely have a role in endothelial 
cell injury and activation. When this period of 
intense sympathetic activity is dissipated, there is 
loss of sympathetic tone with a massive reduction 
in systemic vascular resistance contributing to the 
second phase of potential myocardial injury. This 
phase of injury can be conceptualized as abnor- 
mal loading conditions and coronary perfusion." 
Intervention and donor management in this phase, 
offers some hope of retrieving donor hearts that 
would ordinarily have been lost. There is experi- 
mental evidence that if coronary perfusion pressure 
is decoupled from aortic pressure and returned to 
pre-brain death levels, coronary blood flow and 
myocardial contractility can also be restored. 12 The 
exact mechanisms of how the loading conditions and 
coronary perfusion down-regulate myocardial con- 
tractility are not completely clarified, but may occur 
through the Frank-Starling mechanism or other less 
well-characterized mechanisms such as the Anrep 
effect 1314 (maintenance of optimal stroke work over 
a range of afterload conditions controlled through 
cellular mechanism) and the garden hose effect, 15,16 
which has been described in isolated heart prepara- 
tions. This effect refers to the relationship between 
increased coronary perfusion pressure and increased 
contractility by direct intramyocardial vessel stretch 
and this mechanism may possibly come into play at 
a level of coronary perfusion pressure below which 
autoregulation is no longer operational. 


5.2.2. Screening for Cardiac Donation 

Following declaration of brain death and obtaining 
consent, the process of determining suitability for 
cardiac donation is allowed to proceed. The screen- 
ing process 17 (Table 5.5) has a number of goals. 
The general organ donation screening is to pre- 
vent the transmission of malignancies (although 
the presence of primary central nervous system 
tumors is acceptable) or the transmission of viral 
disease such as hepatitis B and C, HIV infection, 
or HTLV-1. The presence of donor bloodstream 
infection is a contraindication to cardiac donation 
although donors with localized infection (particu- 
larly the lung) will still be suitable. Exclusion of 
coronary artery disease (CAD) is necessary in car- 
diac donor males older than 40 years and females 
older than 45 years, although these age criteria 
may vary depending on the presence or absence 
of risk factors for CAD. The determined adequacy 
of cardiac function must usually be delayed until 
hemodynamic stability has been obtained. Many 
donors have deranged loading conditions due to 
the very low systemic vascular resistance together 
with a low preload associated with the aggressive 


Table 5.5. Screening criteria for cardiac donation. 

General organ donation screening 
Absence of infection 

Hepatitis B and C, HIV, and HTLV-1 serology 

Negative blood cultures 
Psychosocial/lifestyle screening 

Absence of malignancy (excluding primary CNS tumors) 
Screening for coronary disease 
Age usually less than 55 
Coronary angiography if possible: 

Men > 40 years 

Women > 45 years 
No pathologic Q waves on ECG 
No history of insulin-requiring diabetes 
No other prior cardiac history 
Screening for cardiac function 

No requirement for high-dose inotropic support (after volume 

replacement) 
No prolonged resuscitation 

Normal echocardiogram (mild segmental wall motion or 
mitral prolapse not a contraindication, expanded criteria 
using moderate wall motion abnormalities if normal 
coronaries) 

Hosenpud, 17 with permission. 
CNS central nervous system. 
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diuresis often used to control cerebral edema prior 
to progression to brain death and/or diabetes insip- 
idus following brain death. As a consequence, these 
donors are often on high-dose adrenergic support, 
which, with optimization of loading conditions, can 
be rapidly weaned. At that stage, the echocardio- 
gram has become the most useful test to evaluate 
left and right ventricular systolic function. 

5.2.3. The Effect of Donor Factors and 
Ischemic Time on Graft Function 

Early graft failure represents an important cause of 
morbidity and mortality after cardiac transplanta- 
tion, and is impacted by donor factors (such as donor 
age, inotropic requirements, echocardiographic 
abnormalities) and ischemic time. However, when 
making a decision regarding the suitability of a 
particular donor, these factors cannot be considered 
in isolation since they are all inextricably inter- 
related. A relationship exists between older donor 
age and the probability of graft failure and this 
risk is further exacerbated by increasing ischemic 
time 18 (Figure 5.6). This effect is no doubt related 
to the overall decline in myocardial reserves asso- 
ciated with increasing age. Similarly, the risk of 
early graft failure is increased by the presence of 
an echocardiographic wall motion abnormality, 
an effect which becomes increasingly pronounced 
with increasing donor age 19 (Figure 5.7). 

5.2.4. Special Situations 

In order to increase the number of available donor 
hearts, a number of donor conditions may still be 
considered compatible with successful transplantation. 

Donor CAD is not necessarily a contraindication 
to transplantation and coronary bypass surgery 
has been utilized on donor hearts. This concept 
of matching "recipients who would not ordinar- 
ily meet criteria for cardiac transplantation or 
retransplantation" to "marginal" donor hearts has 
given rise to the concept of the "alternate list." 20 
Survival of recipients with donor hearts that have 
undergone coronary bypass surgery appears to be 
very acceptable. 21 

Some donor hearts with valvular disease may 
still be acceptable for transplantation such as those 
with a bicuspid aortic valve and those with myxo- 
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Figure 5.6. Nomogram from donor/recipient multivari- 
able analysis in hazard function domain depicts varying 
ischemic time for two donors, aged 20 and 60 years. 
Equation is solved for 50-year-old male recipient who 
is not on ventilator, not on ventricular assist device, has 
undergone no previous sternotomies, and has pulmonary 
vascular resistance of 2.2 Wood Units and male donor 
who is not diabetic, not receiving inotropic support, did 
not die of cardiac arrest, and has no diffuse wall motion 
abnormalities. Dashed lines represent 70% confidence 
limits around parametric curves. (Young et al., 18 with 
permission). 
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Figure 5 .7. Nomogram from Cardiac Transplant Research 
Database (CTRD) multivariable analysis depicting the 
effect of donor age and left ventricular function by 
echocardiography (echo) on fatal early graft failure. 
(Young et al., 19 with permission). 
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matous degeneration of the mitral valve. Back table 
mitral valve repair has been reported as a satisfac- 
tory option for donor hearts with significant mitral 
regurgitation. 22 

Donor hearts with potential toxicity have been 
considered for transplantation. Cocaine abuse has 
direct effects on the heart, which include vasocon- 
striction, endothelial dysfunction, and myocardial 
toxicity. These effects have been principally related 
to the intravenous use of cocaine, and hearts from 
donors with intravenous cocaine abuse are currently 
not suitable for transplantation. However, donors 
with a history of nonintravenous cocaine abuse 
who have normal left ventricular systolic function 
with no evidence of left ventricular hypertrophy are 
currently considered suitable. 22 

There are direct toxic effects of alcohol on the 
myocardium and recipients who have received 
hearts from donors with a history of significant 
alcohol abuse have inferior survival. Hence, if a 
strong history of chronic alcohol abuse can be elic- 
ited, hearts from these donors should not be used 
for cardiac transplantation. 23 Use of hearts from 
donors dying from carbon monoxide poisoning is 
still contentious. However, use of hearts from such 
donors is probably safe, provided the electrocardio- 
gram and echocardiogram are normal with minimal 
elevation of cardiac enzymes, and minimal ino- 
tropic requirements. 

Transplantation of hearts from hepatitis C posi- 
tive donors to hepatitis C negative recipients is 
associated with substantially inferior survival and 
this strategy cannot be recommended. However, 
transplantation of hearts from hepatitis C positive 
donors to hepatitis C positive recipients can be 
considered. 

Although supplying only a very small number 
of donor hearts, the "domino procedure" (the use 
of a heart from a heart/lung transplant recipient) 
appears to provide just as good survival as the use 
of cadaveric donors. 24 
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Figure 5.8. Iso-risk curves plot, based on donor age and 
dononrecipient weight ratio, for patients on the intensive 
care unit before transplant. DR, donor:recipient; RR, 
relative risk. (DeMeester et al., 25 with permission). 


tization at the time of listing (prior pregnancy, blood 
transfusion, transplantation, or insertion of a ven- 
tricular assist device, VAD). In the case of sensitiza- 
tion, a prospective cross-match would be required. 
Controversy still exists regarding the presence of a 
T-cell negative/B-cell positive cross-match, although 
available evidence would suggest that under those 
circumstances these patients require augmented 
immunosuppression with cytolytic therapy (and/or 
IL-2 receptor blockade) and close surveillance for 
acute cardiac rejection. The role of desensitization 
preoperatively is also not universally accepted. 

Donor-recipient size matching should not be 
considered in isolation from other factors such as 
donor age and acuity of the transplant procedure. 
The use of hearts from donors whose body weight 
is no greater than 30% below that of the recipi- 
ent is generally considered safe, 22 but undersizing 
with older donors age is clearly associated with 
an increasing risk 25 (Figure 5.8), and certainly this 
information would argue against the use of small 
donor hearts from an older donor to "rescue" a 
critically ill recipient. 


5.3. Donor-Recipient Matching 

The prevention of donor-specific alloreactivity 
(lymphocytotoxic IgG antibodies against donor 
class I HLA antigens) in a potential recipient is the 
goal of either prospective cross -matching at the time 
of identification of the donor, or detection of sensi- 


5.4. Cardiac Transplant Procedure 

5.4.1. Myocardial Preservation 

Myocardial preservation during cardiac transplan- 
tation is vitally important. Biochemical derangements 
induced during the ischemic process may contribute 
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to primary graft failure, and preservation strate- 
gies that improve posttransplant graft function 
may allow longer ischemic times and the use of 
marginal donor hearts, with greater confidence 
that posttransplant function will be satisfactory. 
Biochemical processes involved in myocardial 
preservation are complex, but the primary meth- 
ods of achieving cellular and functional integrity 
of the myocardium are through hypothermia and 
mechanical arrest of the heart. According to van't 
Hoff's law, which relates the rate of a chemical 
reaction to temperature, in mammalian enzyme 
systems there is an approximately 50% reduction 
in myocardial enzymatic reactions for every 10°C 
decline in cardiac temperature, which decreases but 
does not eliminate cellular activity completely. 26 
Even though the heart is mechanically arrested, 
ATP is still being consumed at a low level to allow 
breaking of actin-myosin cross-bridges. If ATP 
depletion continues below a threshold level, irre- 
versible contracture will occur. Although the myo- 
cardium can use stored glycogen to produce ATP 
by anaerobic glycolysis to maintain an ATP level 
above the critical threshold, once contracture com- 
mences ATP consumption markedly increases. The 
maintenance of ion homeostasis is also an impor- 
tant requirement of preservation. Even though 
with hypothermia Na + -K + ATPase activity is 
markedly reduced, passive ion movement will still 
occur down a concentration gradient. As a result, 
intracellular H + ions are exchanged for extracel- 
lular Na + ions and Ca 2+ is also exchanged for Na + . 
This produces an increased intracellular solute 
accumulation with water entering the cell down an 
osmotic gradient, and this intracellular edema may 
result in disruption of structural integrity. It is the 
accumulation of Ca 2+ in the cytoplasm that may on 
reperfusion result in hypercontracture. 27 

Preservation solutions are distinguished by 
their ionic composition as either "extracellular" 
or "intracellular." The clinical results of UW solu- 
tion (an intracellular solution) demonstrate excel- 
lent myocardial preservation out to approximately 
6h. UW solution also contains oxygen-derived 
free-radical scavenger molecules in an endeavor 
to ameliorate the ischemia/reperfusion injury that 
may be in part related to oxygen-derived free radi- 
cal production. Preservation solutions may contain 
a variety of agents including impermeants (such as 
raffinose and lactobionate) and oncotic molecules 


(such as hydroxyethyl starch), metabolic substrates 
as well as molecules that inhibit the consumption 
of ATP and inhibit the Na + -H + exchanger, and 
Mg 2+ as a Ca 2+ antagonist. 28 

5.4.2. Technique of Orthotopic Cardiac 
Transplantation 

The biatrial orthotopic cardiac transplant proce- 
dure that was developed by Lower and Shumway 29 
remained unchanged for approximately 30 years. 
However, the bicaval orthotopic technique 30-32 is 
now the recommended technique since tricuspid 
incompetence and abnormal atrial contribution to 
ventricular filling may be reduced. There is also 
emerging evidence of having dynamic and elec- 
trochemical superiority of the total technique. The 
donor heart procurement procedure involves an 
incision in the left atrium to decompress the left 
ventricle and division of the inferior vena cava 
to decompress the heart, cross-clamping of the 
ascending aorta, and commencement of the infusion 
of preservation solution together with topical cool- 
ing. The heart is excised by transecting the inferior 
vena cava, superior vena cava (at the confluence 
of the innominate and right interval jugular vein), 
ascending aorta, and the main pulmonary artery 
(or pulmonary artery branches if the lungs are not 
being procured), and transaction of the left atrium 
above the atrioventricular groove (or pulmonary 
veins if the lungs are not being procured) (Figure 
5.9). The heart is triple bagged with preservation 
solution and ice slush. In the recipient operating 
room a median sternotomy is performed and car- 
diopulmonary bypass is established with separate 
caval cannulation. Following aortic cross-clamp- 
ing and snaring of the caval tapes, cardiectomy 
is performed by entering the left atrium anterior 
to the right pulmonary veins and carrying this 
incision superiorly and inferiorly under the caval. 
The right atrium is divided well above the right 
atrial-inferior vena cava junction and also on the 
atrial side of the superior vena caval-right atrial 
junction. The ascending aorta and main pulmo- 
nary artery are divided (Figure 5.10). 

Prophylactic tricuspid annuloplasty of the 
donor heart prior to implantation was shown 
by Jeevanandam and coworkers to be effective 
in improving short-term mortality and long-term 
renal function. 33 
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Figure 5.9. Completed excision of donor heart. Additional 
length of superior vena cava has been obtained in preparation 
for a bicaval implantation. (Kirklin et al., 22 with permission). 



Figure 5.10. Division of the right atrium to create supe- 
rior and inferior vena cava cuffs for bicaval technique. 
The great vessels are divided as in the standard ortho- 
topic method. (Kirklin et al., 22 with permission). 


5.4.2.1. Total Technique 

The left pulmonary vein cuffs are first sutured 
together with 3-0 polypropylene. Prior to this, the 
posterior left atrial wall of the recipient is visualized 
and divided vertically between left and right pulmo- 
nary vein orifices. The left and right pulmonary vein 
orifices are mobilized as cuffs. The donor left atrium 
is also appropriately tailored to fashion pulmonary 
vein cuffs. The left cuff is followed by the right 
pulmonary vein cuff. Before this anastomosis is com- 
plete, a vent is placed to prevent left ventricular dis- 
tension. This is followed by anastomoses of the IVC, 
SVC, main pulmonary artery, and aorta in sequence. 
This technique is usually possible when both lungs 
have not been harvested (Figure 5.1 1 A and B). 

5.4.2.2. BiCaval Technique 

The left atrial anastomosis is constructed using 

3- 0 polypropylene as for biatrial orthotopic cardiac 
transplantation (Figure 5.1 1C). The inferior vena 
cava anastomosis is performed with continuous 

4- 0 polypropylene and the superior vena caval 
anastomosis is performed with continuous 5-0 
polypropylene. The pulmonary artery anastomosis 
is then performed with continuous 5-0 polypropyl- 
ene following which the aortic anastomosis is per- 
formed with continuous 3-0 polypropylene (Figure 
5.12). Following deairing the aortic cross-clamp is 
removed from the heart and reperfused. An alterna- 
tive sequence is to perform both the superior vena 
cava and pulmonary artery anastomoses following 
cross-clamp removal with the heart in a beat- 
ing, perfused state. When rewarming is complete 
and cardiac function is satisfactory, the patient is 
weaned from cardiopulmonary bypass. 

5.5. Posttransplant 
Immunosuppression 

Acute "cellular" cardiac rejection is mediated by T- 
cell activation and to mitigate against this powerful 
response, a variety of immunosuppressive drugs are 
available. In order to minimize the toxicity of higher 
doses of individual agents and benefit from the 
synergy of multiple drugs, these agents are used in 
combination at lower doses, targeting complemen- 
tary pathways of T-cell activation (Figure 5.13). 
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Figure 5.1 1. A The technique of a total transplant, with the recipient shown after donor cardiectomy. B The steps of a total 
transplant, showing the right pulmonary vein cuff being anastomosed. The left pulmonary vein cuff has already been com- 
pleted. C Commencement of left atrial anastomosis in the bicaval technique (same as for biatrial orthotopic cardiac transplan- 
tation). (Krrklin et al., 22 with permission). 


5.5.1. Immuno s uppre s sion Modalitie s 

Corticosteroids have a long history in transplant 
immunosuppression and are still regarded as an 
essential component of the perioperative and post- 
operative immunosuppression protocol in cardiac 
transplantation. The benefit of corticosteroids is 
based on both their immunosuppressive and anti- 
inflammatory properties. The quite nonspecific 
immunosuppression properties of steroids relate to 


their effect at a number of levels of T-cell activa- 
tion, including suppression of antigen presentation 
to the T-cell and suppression of gene transcription 
in the nucleus to inhibit the expression cytokine 
such as interleukin-2 (IL-2) as well as a number of 
other cytokines. Corticosteroids also suppress mac- 
rophage function and B-cell proliferation, inhibit 
transmigration of leukocytes through blood vessels 
and reduce adhesion molecule expression. The 
anti-inflammatory properties of corticosteroids are 
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Figure 5.12. Completion of bicaval transplant technique, 
showing the inferior vena cava, superior vena cava, aortic 
and pulmonary artery anastomoses. (Kirklin et al., 22 with 
permission). 


due to inhibition of inflammatory mediators such 
as leukotrienes and prostaglandins and, probably 
through this mechanism, promote rapid reversal 
of symptoms of clinical rejection. However, it is 
the toxicity of corticosteroids that is responsible 
for much of the morbidity associated with immu- 
nosuppression, such as diabetes, obesity, impaired 
wound healing, avascular necrosis of the femoral 
head and osteoporosis, cataracts, pancreatitis, and 
gastrointestinal complications such as peptic ulcer 
disease and colonic perforation. 22 Because of this 
important toxicity, eliminating corticosteroids from 
the immunosuppression protocol is a goal that has 
been variably achieved. Patients most likely to 
benefit from steroid-free immunosuppression are 
pediatric cardiac transplant patients, postmenopau- 
sal females, and patients with severe osteoporosis, 
insulin-dependent diabetes, and marked obesity. 22 
Withdrawal of steroids without incurring recurrent 
rejection during the first 30 days after transplanta- 
tion can be achieved in approximately 40-60% 
of patients. 35-37 After 3 months, successful with- 
drawal of steroids can be expected in 60-90% of 


recipients. 38,39 Successful withdrawal is less likely 
to occur in patients with prior rejection history and 
in women. 

The availability of calcineurin inhibitor-based 
immunosuppression (cyclosporine or tacrolimus) 
was one of the advances that marked the turning point 
in cardiac transplantation from an era of poor results 
to one of a mature effective therapy. The mechanism 
of action of cyclosporine is blockade of the cal- 
cineurin pathway, hence blocking the transcription 
of IL-2 and other cytokines. Cyclosporine, however, 
is associated with a number of toxic effects, includ- 
ing nephrotoxicity, hypertension, hepatotoxocity, 
neurologic problems including hand tremors and 
seizures, gingival hyperplasia, and hypertrichosis. 
The nephrotoxicity may manifest early after trans- 
plantation and appears to be mediated through renal 
arteriolar vasoconstriction. Chronic cyclosporine 
nephrotoxicity, which is associated with prolonged 
use of the drug, is characterized by patchy glomeru- 
lar sclerosis and interstitial fibrosis within the renal 
parenchyma. The original cyclosporine formulation 
was oil based and its gastrointestinal absorption was 
rather variable. The development of a microemul- 
sion formulation of cyclosporine has reduced the 
variability in absorption with more reliable blood 
levels. Tacrolimus inhibits T-cell activation and 
proliferation through the blockade of calcineurin, 
but by a mechanism entirely different from that of 
cyclosporine. The place of tacrolimus was initially 
as "rescue therapy" for cardiac transplant patients 
with resistant rejection but is now frequently used as 
a primary agent. The toxicity of tacrolimus includes 
nephrotoxicity (although there is some evidence 
that it may be less nephrotoxic than cyclosporine), 
neurologic side effects including tremor, headache, 
confusion (which are dose related), glucose intoler- 
ance, and hyperkalemia. There is some evidence 
that hypertension may be less prevalent than with 
cyclosporine. Although some centers are using 
tacrolimus as primary therapy, it is most commonly 
used to replace cyclosporine following recurrent 
rejection or because of cyclosporine toxicity. 

Azathioprine has been a component of immuno- 
suppression since the earliest days of transplanta- 
tion. It is a purine analogue which inhibits purine 
synthesis and therefore interferes with DNA 
and RNA synthesis, consequently suppressing 
T- and B-cell proliferation. The most important 
toxicity of azathioprine is myelosuppression, 
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Figure 5.13. Simplified model of the events that occur during T-cell activation. The sites of action of each of the immuno- 
suppressive agents discussed in this chapter are shown. Polyclonal antithymocyte globulin is shown as binding to the com- 
mon leukocyte antigen but, in reality, contains antibodies which bind to many different T-cell antigens. NEAT, nuclear factor 
of activated T-cells, TCR, T-cell receptor, MHC, major histocompatibility complex; P, phosphate, CD, cluster of differentia- 
tion antigen; TOR, target of rapamycin; IL, interleukin; IFN-y, interferon gamma. (Banner et aL, 34 with permission). 


which is dose dependent. Other toxicity includes 
hepatotoxicity and pancreatitis. Azathioprine may 
also predispose to malignant transformation, par- 
ticularly development of cutaneous squamous cell 
carcinoma. 

Mycophenolate mofetil (MMF) inhibits the de 
novo purine synthesis pathway and since human 
lymphocytes are able to synthesize purine DNA 
only through the de novo pathway, they are par- 
ticularly susceptible to the action of this drug. As 
a result, MMF inhibits the proliferation of both 
T- and B-cells. The most frequent toxicity of MMF 
is gastrointestinal, including nausea, vomiting, and 
diarrhea, which although normally responds to a 
gradual increase in the dose, may be severe enough 
to require discontinuation. Although evidence for 


the superiority of immunosuppression provided by 
MMF compared to azathioprine is sparse, the sug- 
gestion that MMF may result in lower mortality 
(decreased rejection and incidence of rejection and 
infection) and reduction in the incidence of grade 
3A or greater rejection and the requirement for 
rejection treatment 40 has resulted in MMF increas- 
ingly replacing azathioprine as primary immuno- 
suppression. 

Anti-lymphocyte globulins were originally devel- 
oped for use as induction therapy. Polyclonal 
antibodies are produced by inoculation of animals 
with human lymphocytes, thymocytes, and lym- 
phoblasts, and hence their mechanism of action 
is directed against a number of T-cell molecules 
as well as B-cells. There may also be antibodies 
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in the preparation that react against monocytes, 
macrophages, platelets, and neutrophils. On the 
other hand, monoclonal antibody preparations are 
directed against a specific cell surface molecule or 
they can block a specific receptor ligand and hence 
have the advantage of specificity. For example, 
OKT3 is directed against CD3 antigen and campath 
is directed against the CD52 antigen. Both mono- 
clonal and polyclonal antibodies are associated 
with an increased risk of viral infection (particu- 
larly cytomegalovirus, CMV) due to suppression 
of cell-mediated immunity against viruses. They 
are also associated with the development of post- 
transplant lymphoproliferative disorder (PTLD) as 
a result of reactivation of latent Epstein-Barr virus 
(EBV), which can induce transformation of an 
EBV-dependent polyclonal B-cell population into a 
malignant monoclonal B-cell lymphoma. Although 
OKT3 was widely used as "induction therapy," 
there is no consistent evidence that the use of induc- 
tion therapy improves survival except in patients at 
high risk for rejection. 41 Therefore, the use of antil- 
ymphocyte antibody therapy is now usually limited 
to specific situations: (1) to delay the introduction 
of cyclosporine immediately after transplantation 
because of nephrotoxicity or hepatotoxicity, (2) in 
patients at increased risk of rejection because of 
sensitization or a positive B-cell cross-match, and 
(3) treatment of recurrent or persistent rejection that 
is not responsive to pulse steroid therapy. 

IL-2 receptor inhibition (anti-CD25) is mediated 
by a monoclonal antibody that binds to the CD25 
molecule which is present on activated (but not 
resting) T-cells. Basiliximab is a chimeric antibody 
that still retains some of the murine components 
of the immunoglobulin chain whereas daclizumab 
is a humanized antibody. The current role of IL-2 
receptor blockade has not been completely clari- 
fied, but there is evidence in renal transplantation 42 
of reduction in the number of rejection episodes 
and an increase in the time to first rejection without 
an increase in the incidence of infection or malignancy. 
Studies in cardiac transplantation 43 suggest that 
time to first rejection is increased, and that over- 
all rejection severity is decreased with induction 
daclizumab therapy. Interestingly, following ces- 
sation of therapy, rejection frequency rebounds. 
IL-2 receptor blockade is being increasingly used 
as induction therapy, but any benefits of this policy 
have yet to be determined. 


The target of rapamycin (TOR) inhibitors are 
drugs that block the proliferation signals that 
connect the autocrine stimulation by IL-2 on the 
cell surface to the cell nucleus for proliferation 
of T-cells. These antiproliferative effects are lim- 
ited to T- and B-cells, but these drugs also have 
antiproliferative effects on mesenchymal cells 
such as fibroblasts. The toxicity of sirolimus 
includes renal dysfunction (when combined with 
cyclosporine), hypertension, hyperlipidemia, and 
thrombocytopenia. In addition, a particularly con- 
cerning side effect that has emerged is delayed 
wound healing, and for that reason these drugs 
should probably not be used in the first 3 months 
after transplantation. The role of these agents in 
cardiac transplantation has not been clarified, but 
sirolimus may reduce the incidence of acute graft 
rejection and refractory acute graft rejection. 43 
The use of sirolimus or everolimus may reduce 
the incidence of coronary allograft vasculopathy 
and the rate of progression in patients with already 
established coronary allograft vasculopathy. 44 " 45 
The current role of TOR inhibitors is under evalu- 
ation, but it may be a useful drug as a substitute 
for cyclosporine or tacrolimus in patients with 
calcineurin inhibitor induced nephrotoxicity. 

Plasmapheresis is separation of plasma and 
hence removal of large macromolecules from 
the blood including antibodies. Plasmapheresis 
is used in patients with rejection associated 
with donor-specific antibodies, a positive cross- 
match, and evidence of humoral rejection, and 
for patients with hemodynamically compromising 
rejection. 

Photopheresis is an immunomodulatory therapy 
that is effective in the treatment of cutaneous 
T-cell lymphoma and scleroderma. This therapy 
involves separation of leukocytes, exposure of 
these leukocytes to a photoactivatable compound 
(8-methoxypsoralen), and irradiation by ultravio- 
let light, inhibiting DNA replication. The precise 
mechanism of its immunosuppressive effect is not 
known, but it is probably more complex than just 
damaging target cells, and may include induction 
of a suppressor T-cell response. Photopheresis 
is most commonly employed in cardiac trans- 
plantation as an adjunct therapy for patients with 
recalcitrant rejection or following reversal of an 
episode of hemodynamic compromising rejection 
to prevent recurrence. 
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Immunosuppression at UAB involves preop- 
erative MMF and corticosteroids, intraoperative 
corticosteroids and basilixamab, and postoperative 
corticosteroids (intravenous followed by mainte- 
nance prednisone), MMF, tacrolimus, and basilixi- 
mab (postoperative day 4). 


5.6. Acute Cardiac Rejection 

The risk of acute cardiac rejection has a well- 
defined time pattern (Figure 5.14) with the risk 
being highest within the first 3 months after trans- 
plantation, then falling to a low level at approxi- 
mately 6 months after transplantation, although the 
risk of acute rejection never completely disappears. 
This time course dictates that immunosuppression 
and the surveillance for acute rejection should be 
intensified in the first 6 months after transplantation 
and thereafter may be reduced, although surveil- 
lance should never be completely eliminated. Most 
patients with acute cardiac rejection are asympto- 
matic, and it is detected on routine endomyocardial 
biopsy. By the time a patient becomes symptomatic 
with acute cardiac rejection, the injury to the myo- 
cardium from the rejection process may be quite 
advanced. Many noninvasive tests (biochemical, 
immunological, electrophysiological, nuclear, and 
functional) have been investigated and none (or 
any in combination) have sufficient sensitivity to 
be considered as a screening test for acute cardiac 
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Figure 5.14. Hazard function for initial rejection epi- 
sode after heart transplantation. Dashed lines indicate the 
enclosed 70% confidence limits. CTRD, Cardiac Transplant 
Research Database. (Kubo et al., 46 with permission). 


rejection. The gold standard is endomyocardial 
biopsy. The endomyocardial biopsy grading has 
been standardized by the International Society for 
Heart and Lung Transplantation (ISHLT) and is 
outlined in Table 5.6. This system grades rejection 
from grade 0 (no rejection) to grade 4 (severe acute 
rejection), although simplification of this system has 
been recommended with categorization into mild, 
moderate, and severe groups. Grade 1A (Figure 
5.15) is a focal perivascular infiltrate predominately 
of lymphocytes without any injury to the myocyte. 
Grade IB (Figure 5.16) is a lymphocytic infiltrate that 
is predominately interstitial with mononuclear cells 
and without myocyte injury. Grade 2 (Figure 5.17) is 
a single focus of a mononuclear infiltrate which has 
a more aggressive picture that does involve myocyte 
injury. Grade 3A rejection (Figure 5.18) is a similar 
pattern to grade 2 rejection except that it involves 
two or more foci, but the intervening myocardium is 


Table 5.6. ISHLT standardized endomyocardial biopsy 
grading scheme. 


Grade 


Description 


Nomenclature 


0 

1A 


IB 


3A 


3B 


No lymphocyte infiltrate 
Focal (perivascular or 

interstitial) lymphocytic 

infiltrate without 

myocyte necrosis 
Diffuse but sparse 

lymphocytic infiltrate 

without myocyte 

necrosis 
One focus only with 

"aggressive" 

lymphocytic infiltrate 

and/or focal myocyte 

injury 
Multifocal aggressive 

lymphocytic 

infiltratrates and/or 

myocyte necrosis 
Diffuse, inflammatory 

process with myocyte 

necrosis 
Diffuse, aggressive, 

polymorphous 

infiltrate with necrosis 

(+ edema; + hemorrhage; 

+ vasculitis) 


No rejection 
Focal mild acute 
rejection 


Diffuse mild acute 
rejection 

Focal moderate 
acute rejection 


Multifocal moderate 
acute rejection 


Diffuse borderline 
severe acute 
rejection 

Severe acute 
rejection 


Billingham, 47 with permission. 

ISHLT International Society for Heart and Lung 

Transplantation. 
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Figure 5.15. Grade 1A. Figure 5.18. Grade 3A. 




Figure 5.17. Grade 2. 


normal. Grade 3B rejection (Figure 5.19) is a diffuse 
mononuclear infiltrative process with myocyte injury 
and compared with grade 3A rejection, the infiltrate 
is more diffuse with little intervening normal 
myocardium. Grade 4 rejection, which is rarely 
seen, is the most severe form of acute rejection. 
It is characterized by widespread injury, edema, 
hemorrhage, and a polymorphous inflammatory 
infiltrate. 48 

The treatment of acute or persistent cardiac 
rejection varies between programs. However, the 
general principles are the following. Mild and 
moderate grades of rejection are treated with 
intravenous pulse corticosteroids within the first 
6 months after transplantation or oral prednisone 
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Figure 5.20. Actuarial survival after rejection episode. 
Upper curve indicates rejection with no or mild hemo- 
dynamic compromise, and lower curve rejection with 
severe hemodynamic compromise. Error bars enclose 
70% confidence limits. (Mills et al., 49 with permission). 

(beyond 6 months after transplantation). Higher 
grades of rejection (such as grade 3A or greater), 
if occurring early after transplantation, are treated 
with intravenous corticosteroids together with 
cytolytic therapy. Persistent high-grade rejection 
may also require consideration of other strategies 
such as augmentation of baseline immunosuppres- 
sion, photopheresis, or addition of another agent 
such as sirolimus. Acute cardiac rejection with 
hemodynamic compromise is an uncommon but 
potentially lethal process. Patients can present with 
low cardiac output or decreased ejection fraction 
by echocardiography, and the treatment involves 
inotropic agents, plasmapheresis, cytolytic ther- 
apy, and corticosteroids. Once a patient has an epi- 
sode of hemodynamic compromising rejection, the 
mortality is approximately 50% within the next 12 
months (Figure 5.20). This argues for prolonged 
augmented immunosuppression, close surveil- 
lance with frequent endomyocardial biopsies, and 
the use of photopheresis to protect against the high 
likelihood of further episodes of hemodynamically 
compromising rejection. 


5.7. Infection 

The prevention and management of infection con- 
stitutes a significant part of the workload after 
transplantation 50 : A broad range of organisms may 
be involved including the usual pathogenic organ- 
isms, as well as organisms that are not normally 


pathogenic except in immunocompromised hosts, 
endogenous organisms, and donor-transmitted 
infectious disease organisms. Presentation of infec- 
tious disease in immunocompromised patients 
may be quite different from that in non-immuno- 
compromised patients with blunting of signs and 
symptoms because of the effect of immunosup- 
pression on the inflammatory response. Infection 
may indirectly injure the transplanted heart 
through immune modulation (coronary allograft 
vasculopathy) or cause malignant transformation 
(EBV). Infection and rejection may coexist since 
treatment of rejection may precipitate infectious 
complications and certain immunomodulating 
viruses may precipitate rejection. 

The term "immunocompromised host" refers to 
patients where host defenses are impaired because 
of immunosuppression. These patients are suscepti- 
ble to infection caused by 51 true pathogens (organ- 
isms that are able to overwhelm the natural defense 
mechanism of an non-immunocompromised host), 
pathogens which may colonize a mucocutane- 
ous surface and cause infection when there is a 
breach in that surface, and nonpathogens that do 
not present a risk to a normal host, but to which 
immunocompromised patients are susceptible. The 
term opportunistic infection refers to infection in 
immunocompromised patients that may be caused 
by true pathogens, nonpathogens, or sometime 
pathogens that may produce an illness that clini- 
cally may be quite different from that produced in 
a host with normal defense mechanisms. 51 

Normal host defense mechanisms are usually 
highly successful in minimizing the risk of infec- 
tious disease. The first line of defense is epithelial/ 
mucosal barriers that defend against micobiologi- 
cal penetration. 52 The skin, epithelial surface of the 
lung, and mucosal surface of the gastrointestinal 
tract are surfaces that can be readily breached and 
represent portals of micobiological entry and inva- 
sion after cardiac transplantation. Immunological 
mechanisms are the second line of defense and 
the components are humoral, cellular, and phago- 
cytic. All of these components may be seriously 
compromised by the variety of immunosuppressive 
modalities that may be used after cardiac trans- 
plantation. 

The susceptibility to infection of a patient after 
heart transplantation is a function of a complex 
interplay of multiple factors which contribute to 
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the "net state of immunosuppression." 53 These 
factors include recipient comorbid disease such as 
diabetes, malnutrition, hepatic dysfunction, renal 
dysfunction, age, the nature and dose of immu- 
nosuppressive agents, compromise of the epithe- 
lial and mucosal defenses, and the presence of 
infection with immunomodulatory viruses, such 
as CMV and EBV. Immunosuppressive agents 
contribute in a major way to the development of 
infection. Corticosteroids increase susceptibility 
in infection through a number of mechanisms 
(both immunosuppressive and anti-inflammatory), 
including reduced accumulation of neutrophils at 
the site of inflammation, impairment of the mono- 
nuclear-phagocytic system, blunting of the T-cell 
activation cascade, inhibiting the function of alveo- 
lar macrophages, and impairment of wound heal- 
ing. Cytolytic therapy, due to its effect of depleting 
circulating lymphocytes, is associated with an 
increased incidence of CMV infection and PTLD 
through EBV infection. Azathioprine reduces anti- 
body production (by inhibiting B-cells), decreases 
cytotoxic T-cell proliferation, and impairs natural 
killer cell activity. Cyclosporine predisposes to 
infection through its blocking action on antigen- 
induced T-cell expression, although the risk of 
infection is less likely than with azathioprine/pred- 
nisone-based immunosuppression. 

Infection has a predictable time-related probability 
(Figure 5.21), being highest in the first month after 
transplantation at a time when immunosuppression 
is at its most intense, when epithelial and mucosal 



Months After Transplantation 

Figure 5.21. Hazard function for initial infection. Dashed 
lines represent the 70% confidence limits. CTRD, 
Cardiac Transplant Research Database. (Smart et al., 54 
with permission). 


barriers are at their most vulnerable because of sur- 
gical wounds and instrumentation. The time course 
for different infectious agents after cardiac trans- 
plantation is quite distinct 55 (Figure 5.22). 

From a numerical perspective, CMV infection 
is the most important infection after cardiac trans- 
plantation. As a member of the herpesvirus family, 
CMV has the characteristic of latency and hence 
CMV infection may occur by transmission from 
donor to recipient (primary infection), or a recipi- 
ent who is a reservoir of CMV because of previ- 
ous infection may develop reactivation infection 
following commencement of immunosuppression 
following transplantation. The term reinfection 
(superinfection) is used when a CMV seropositive 
recipient receives a heart from a seropositive donor 
with a CMV strain that is different from the recipi- 
ent latent CMV strain. 

CMV has a number of direct and indirect effects. 
The direct effects include (1) CMV syndrome (a 
flu-like illness with fever, chills, malaise, leukope- 
nia, and thrombocytopenia accompanied by CMV 
viremia), (2) CMV disease (CMV syndrome or tis- 
sue invasive disease accompanied by detection of 
CMV in tissue), (3) CMV infection (asymptomatic 
viremia, CMV syndrome, and CMV disease). 

There are a number of potential indirect effects 
of CMV after cardiac transplantation. CMV infec- 
tion, either symptomatic or asymptomatic, has 
been implicated in the pathogenesis of coronary 
allograft vasculopathy. 56-58 Asymptomatic CMV 
reactivation has been linked with the develop- 
ment of acute allograft rejection. 59 One study has 
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Figure 5.22. Hazard function (instantaneous risk over 
time) for first infection of each major category of infec- 
tious agent. TCRD, Transplant Cardiologist Research 
Database. (Miller et al., 55 with permission). 
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lovirus (CMV) infection according to CMV serologic 
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indicate + 1 standard error. (Kirklin et al.) 22 


reported an association between asymptomatic 
CMV infection and higher rejection scores. 60 

The most important factor that determines the 
occurrence of CMV infection and disease after 
cardiac transplantation is the serological status of 
the donor and recipient, the highest risk being in 
CMV-negative recipients receiving hearts from 
CMV-positive donors 61 (Figure 5.23). 

The clinical manifestations of invasive disease 
depend on the organ involved and the type of 
infection (patients with primary CMV infection as 
opposed to reactivation infection are more likely to 
be symptomatic with greater severity of symptoms). 
CMV infection can be highly variable, manifesting 
as gastritis, duodenitis, hemorrhagic colitis, retini- 
tis, pneumonitis (a severe form of CMV disease 
that has a poor prognosis, more likely to occur in 
lung transplant patients), hepatitis (a rare event in 
cardiac transplant recipients), and encephalitis. 

The standard treatment for CMV infection is 
ganciclovir, with strategies that include intrave- 
nous ganciclovir, oral valganciclovir, or sequential 
intravenous ganciclovir followed by valganciclo- 
vir. The duration of therapy varies considerably 
from 2 weeks to 6 months, 62 but there is evidence 
that therapy can be individualized as guided by 
the response to therapy (monitoring of the viral 
load). If CMV replication has been suppressed to a 
level that is undetectable, the risk of CMV disease 
relapse is low. 63 


Prevention of CMV infection is now the pri- 
mary method employed to reduce its incidence, 
and two general strategies are used — prophylaxis 
and preemptive therapy. The most widely used 
strategy is universal prophylaxis (except for donor 
negative/recipient negative in most centers) and a 
variety of regimens are currently used including 
intravenous ganciclovir, valganciclovir, and a com- 
bination of CMV immune globulin and intravenous 
ganciclovir in the highest risk group. Preemptive 
therapy, which involves administration of anti- 
CMV treatment to patients who have objective 
evidence of CMV infection, does have the advan- 
tage that fewer patients are exposed to the risks of 
antiviral drugs. The effectiveness of this strategy is 
predicated upon accurate detection of the presence 
of CMV. The two most commonly used tests are 
pp65 antigenemia assay and molecular methods 
using polymerase chain reaction. The threshold 
for initiating preemptive therapy, particularly with 
molecular methods, remains controversial. 

5.8. Coronary Allograft 
Vasculopathy 

Coronary allograft vasculopathy is the manifesta- 
tion of chronic cardiac rejection, and this proc- 
ess is one of the major factors limiting survival 
after cardiac transplantation. The fundamental 
morphology of the lesion of coronary allograft 
vasculopathy is progressive intimal thickening 
involving both epicardial and intramyocardial 
coronary arteries. One of the characteristics of 
this process is its diffuse nature and concentric 
obliterative lesions, which is distinct from typical 
atherosclerotic native CAD, that tends to pro- 
duce focal, proximal, eccentric lesions, sparing 
intramyocardial branches. 

A number of immunologic and nonimmunologic 
factors are believed to be responsible for coronary 
allograft vasculopathy. Donor/recipient immuno- 
logical disparity, humoral rejection, repeated epi- 
sodes, and higher grades of acute cardiac rejection 
likely predispose to this process. Nonimmunologic 
factors include the traditional atherosclerotic risk 
factors such as donor and recipient age, hyperten- 
sion, smoking, hyperlipidemia, diabetes, and obes- 
ity, but additional factors may have a role. These 
include CMV infection (perhaps due to the impact 
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Figure 5.24. Actuarial (Kaplan-Meier) freedom from 
presence of mild (bottom line), moderate (middle line), 
or severe (top line) coronary artery disease (CAD) 
detected by coronary angiography performed later than 
6 months after heart transplantation. A CAD event was 
defined as death or retransplantation due to coronary 
vasculopathy. (Costanzo et al., 64 with permission). 


Figure 5.25. Coronary angiogram demonstrating severe 
allograft arteriopathy of large epicardial, smaller sec- 
ondary branches, and distal vessels (note the abrupt 
cutoff of several arteries) in a patient who was 5 years 
posttransplant and died suddenly. (Kirklin et al., 22 with 
permission). 


of CMV on endothelial cells), impaired fibrinoly- 
sis, and ischemia/reperfusion injury at the time of 
the transplant. 

The incidence of coronary allograft vasculopathy 
is substantial and by 5 years after transplantation 50% 
of patients have at least mild coronary allograft vas- 
culopathy (Figure 5.24). However, severe coronary 
allograft vasculopathy accompanied by a coronary 
allograft vasculopathy event (death or retransplanta- 
tion) is unusual within the first 5 years. 

The standard method of diagnosing coronary 
allograft vasculopathy is by coronary angiogra- 
phy 22 (Figure 5.25) as part of the posttransplant 
surveillance protocol. Intracoronary ultrasound 
provides a more sensitive means of detecting 
coronary allograft vasculopathy because it actually 
images the arterial wall. Treatment of established 
coronary allograft vasculopathy is largely ineffec- 
tive. Percutaneous intervention may offer some 
hope for focal stenoses, but for diffuse coronary 
allograft vasculopathy the only effective therapy is 
retransplantation. Prevention of the development 
and progression of coronary allograft vasculopathy 
is the focus of multiple treatment strategies. In 
addition to the usual strategies for control of typi- 
cal atherosclerotic risk factors, additional measures 
that have shown some efficacy include calcium 


channel blockers, angiotensin-converting enzyme 
inhibitors, antiplatelet therapy, immunosuppressive 
agents with antiproliferative action (myocophe- 
nolate mofetil and sirolimus), photopheresis, and 
possibly anti-CMV therapy. 

5.9. Malignancy 

Malignancy after cardiac transplantation occurs 
in three major settings 22 : (1) transplantation in 
patients with preexisting malignancy, (2) transmis- 
sion of a malignancy from donor to recipient, and 
(3) de novo malignancy developing in a recipient 
following cardiac transplantation. Malignancies 
most likely to occur in heart transplant patients are 
carcinomas of the lung, nonmelanoma skin can- 
cers, lymphomas, carcinomas of the bladder, and 
pancreatic cancer. 65 However, defining a manda- 
tory waiting time from treatment of the malignancy 
to cardiac transplantation that would ensure the 
lowest risk of recurrence has not proven pos- 
sible and furthermore, an excessively long wait- 
ing time may result in a potential recipient dying 
from heart failure. Rarely, an unrecognized donor 
malignancy may be transmitted to a recipient. 
Potential mechanisms involved in the development 
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Figure 5.26. Parametric estimate of freedom from 
malignancy after heart transplantation for various malig- 
nancies and the respective hazard function. (DeSalvo 
et al., 67 with permission). 


of de novo recipient malignancy include disordered 
immune surveillance, 65 principally as a result of 
the burden of immunosuppression, and oncogenic 
viral infections caused by EBV (implicated in the 
development of PTLD which can transform into a 
malignant monoclonal line), herpes simplex virus, 
and human papillomavirus. 

The incidence of malignancy after cardiac trans- 
plantation is approximately 3—4 times that of the 
general population. 66 Following cardiac transplan- 
tation there is a distinct pattern of malignancies 
(Figure 5.26), with the emergence of PTLD and 
cutaneous malignancy being most likely within the 
first 12-18 months after transplantation. 


5.10. Other Long-Term 
Complications After Cardiac 
Transplantation 

Numerous important long-term complications after 
cardiac transplantation may contribute to morbid- 
ity and mortality. Gastrointestinal complications 
include peptic ulcer disease (due to such causes 
as invasive CMV disease and Helicobacter pylori 
infection, and the use of corticosteroids), diverticu- 
lar disease (perforation is likely increased by the 
use of corticosteroids), pancreatitis (due to inva- 
sive CMV disease, azathioprine toxicity, hyperli- 
pidemia), and cholelithiasis. Ocular complications 
(cataracts and glaucoma both relate to corticoster- 


oid use), hypertension, nephrotoxicity, hyperlipi- 
demia, and bone complications (osteoporosis and 
avascular necrosis) assume increasing significance 
with improvement in posttransplant survival. 


5.11. Survival After Cardiac 
Transplantation 

The results of cardiac transplantation have pro- 
gressively improved, and in the current era 10- 
year survival approaches 70% (Figure 5.27). The 
most common causes of death during the first 
year after cardiac transplantation 19 (Figure 5.28) 
are early graft failure, infection, acute cardiac 
rejection, and miscellaneous other causes (many 
reflecting critical illness). After the first year, 
the principal causes of death (Figure 5.29) are 
coronary allograft vasculopathy, malignancy, and 
additional causes, representing the appearance of 
complications of immunosuppression and other 
comorbid diseases. 

Cardiac transplantation is a mature therapy for 
end-stage heart disease, but will always be con- 
strained by the tremendous imbalance between the 
number of potential recipients and the number of 
available donor hearts. One of the challenges for 
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Figure 5.27. Actuarial survival following primary car- 
diac transplantation in three eras of the University of 
Alabama at Birmingham (UAB). The top actuarial curve 
depicts the years 1994-2004, the middle curve depicts 
the years 1987-1997, and the lower curve depicts the 
years 1981-1986. The vertical bars represent the 70% 
confidence limits. 
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Figure 5.28. Competing outcomes analysis of specific 
causes of death during the first year after transplantation 
in the Cardiac Transplant Research Database. (Young 
et al.) 19 
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Figure 5.29. Competing outcomes analysis of specific 
causes of death during the first 10 years after trans- 
plantation in the Cardiac Transplant Research Database 
(CTRD). (Costanzo et al.) 68 

the future is to utilize the extraordinary amount 
of data that is available to classify patients with 
end-stage heart disease into those who are likely 
to experience the best results from cardiac trans- 
plantation and those who have risk factors that 
portend significantly inferior results (where other 
therapies such as chronic mechanical circulatory 
support may be an option). Only in this way will 
the assignment of appropriate therapy for patients 
in end-stage heart disease be rational. 
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Key Points to Remember 
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OPCAB Treatment for Heart Failure 

Mercedes Dullum and Jai Raman 


Coronary artery disease (CAD) is the underlying 
cause of heart failure in the majority of patients. In 
fact it is responsible for up to two-third of the cases. 1 
Myocardial infarctions (Mis) are responsible for 
750,000 deaths annually. Approximately 60,000 
of the survivors develop severe congestive heart 
failure and several more patients are left with 
compromised ventricular function. 2 With this 
increasing incidence of heart failure, the surgical 
management and treatment options have advanced 
and continue to evolve. Heart failure continues to 
be on the rise and carries a grave prognosis with 
a 1-year mortality of 50% of the patients with 
advanced disease. Figure 6.1 shows the standard 
surgical configuration of grafts in coronary artery 
surgery. 


6.1. The Role of High-Risk CABG 
in Patients with Heart Failure 

Transplantation has traditionally been the defini- 
tive therapy for advanced heart failure. Because of 
the growing demand and the limited donor supply, 
there has been an increase in the nontransplant 
surgical options used to treat heart failure. These 
include high-risk coronary artery bypass graft- 
ing (CABG), valve surgery, and other techniques 
focusing on treating the ventricular remodeling 
process such as ventricular restoration or recon- 
struction. 3 In a study evaluating the outcomes of 
outpatients referred to a tertiary heart center for 
transplantation, it was found that less than one-fifth 
of them ultimately had transplants. The median 


term survival of patients treated with alternative 
surgical strategies was equivalent to that of those 
who underwent cardiac transplantation. Of the 
group of patients on nontransplant surgery, 11% 
had high-risk CABG only and 10% had high-risk 
CABG with valves. 

To achieve the best outcomes in this high- 
risk group it is important to assess the under- 
lying etiology of the heart failure and to treat 
the initiating problem as well as the end result. 
Coronary revascularization has emerged as a 
successful therapy for these high-risk patients. 
Earlier use of appropriate inotropic support and 
innovative adjunctive techniques provide stability 
postoperatively and have allowed us to obtain these 
encouraging results. These include liberal use of the 
intra-aortic balloon pump (IABP) preoperative as 
well as pharmacologic therapy, particularly phos- 
phodiesterase inhibitors such as milrinone which 
allows for biventricular contractility and reduces 
right-sided circulatory failure. These high-risk 
patients have a significant incidence of vasoplegia 
or a vasodilatory state and unlike patients with car- 
diogenic shock who have appropriately increased 
vasopressin levels, these patients have sub-physi- 
ologic levels of this hormone in circulation. Many 
of these patients need to have early intervention 
to improve their hemodynamics by initiating bal- 
loon pump support and, if necessary, the very 
early institution of ventricular assist devices to 
support end-organ perfusion while allowing the 
ischemic myocardium the required 2-3 days to 
regenerate depleted adenosine triphostate (ATP) 
stores. Although ischemic heart disease is the most 
common cause of heart failure, optimal treatment 
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Standard Surgical Reconstruction 




Figure 6.1. A left internal mammary artery being anastomosed to the LAD in the left panel; the completed set of 
grafts that follows is shown in the right panel. 


sometimes still is unclear. Medical management is 
limited in effectiveness and results in high mortal- 
ity and morbidity. Revascularization should be 
the procedure of choice in this high-risk group 
of patients with IHD in the presence of impaired 
left ventricular function. Patients are frequently 
referred for revascularization. However, comorbid 
conditions that influence the surgical mortality 
have been most important in the evaluation of 
these patients. These factors include status of the 
patient, acuteness of presentation, right ventricular 
failure, and presence of good surgical targets. 4 The 
surgical mortality has decreased to less than 5% 
in these patients. In order to assess whether these 
heart failure patients will benefit from surgical 
revascularization, it is important to differentiate 
between hibernating myocardium and scarred 
nonfunctional muscle. In patients with ischemic 
hibernating myocardium, coronary revasculariza- 
tion will result in improved function. However, 
when the majority of the myocardium is necrotic, 
scarred, and nonfunctional, this will result in higher 
mortality. Assessment of these patients is difficult 
as many of them have a mixed pattern of scar and 
viable tissue. There are several techniques avail- 
able to assess myocardial ability, including dob- 
utamine stress echocardiography, Thallium-201 


scintigraphy, and positron emission tomography 
(PET). These methods are used to assess differ- 
ent mechanisms in myocyte viability-preserved 
uptake of exogenous glucose for PET, sarcolem- 
mal integrity for Thallium -201, and the presence 
of inotropic contractile reserve for dubotamine 
echocardiography. In patients with normal or mod- 
erately impaired left ventricular function, their 
positive predictive value is equivalent. Dobutamine 
stress echocardiography appears to carry a higher 
false-negative rate than Thallium-201 and PET 
in patients with severe ventricular dysfunction 
and heart failure. Although a positive dobutamine 
stress echocardiography provides good evidence 
of viability, definite investigation must be done 
before a patient with a negative test is considered 
unlikely to benefit from revascularization. 5 There 
is a consistent relationship between the amount of 
viable myocardium and the improvement in the 
left ventricular function following revasculariza- 
tion. 6 A number of small studies have indicated 
that in order to obtain a significant improvement 
in left ventricular function greater than 50% of the 
ventricular myocardium needs to show convinc- 
ing evidence of viability. 7 The risk of myocardial 
damage at the time of CABG must be weighed 
against the benefit of revascularizing hibernating 
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myocardium when deciding to operate on patients 
with heart failure. Low ejection fraction and low 
functional classes independently increase the risk 
of bad outcome. Severe left ventricular dysfunc- 
tion is usually defined as left ventricular ejection 
fraction (LVEF) less than 35%. A series of CABG 
in patients with poor ventricular dysfunction dem- 
onstrated high mortality of 11-16%. However, 
in more highly selected patients, lower mortality 
rates (2.1%-6.6%) have been obtained and are 
secondary to the advances to patient selection, par- 
ticularly establishing hibernating myocardium and 
improvements in myocardial preservation during 
surgery and anesthetic techniques. The benefits 
of revascularization in patients with severe heart 
failure have been substantial improvement in left 
ventricular function, tolerance, and quality of life. 
Another significant benefit of revascularizing the 
myocardium is to arrest the remodeling process 
in the nonischemic myocardial region, thereby 
reducing subendocardial ischemia, subsequent 
hypertrophy, and preventing further dilation. It is 
known that left ventricular end-systolic volume is 
an important prognostic for congestive heart fail- 
ure and death after MI and coronary bypass. Left 
ventricular remodeling is defined as enlargement 
and distortion where segments of viable muscles 
undergo changes and dilate remote from the scar. 
This occurs in at least 30-40% of patients after a 
transmural infarction. This normokinetic myocardial 
remodeling begins as early as 4 weeks after infarc- 
tion with shrinkage and subsequent changes to the 
area around the scar for up to 3 years later. 

6.2. Choice of Technique 
of Surgical Revascularization 
(OPCAB Versus Conventional 
CABG) 

Many efforts have been used to decrease the risk of 
the surgery and the associated postoperative mor- 
bidity and mortality. Even though these high-risk 
patients can be successfully revascularized with 
conventional cardiopulmonary bypass techniques, 
with CABG, there has been an interest in revas- 
cularizing these high-risk patients off pump (off- 
pump coronary artery bypass, OPCAB) in an effort 
to limit the myocardial injury associated with aortic 


cross-clamping, ensuing global myocardial ischemia, 
and cardioplegia-related dysfunction. Off-pump 
surgery also aims to eliminate the ischemic inflam- 
matory response elicited by cardio pulmonary 
bypass (CPB). 8 

Even though these high-risk heart failure patients 
can be successfully revascularized with conven- 
tional coronary artery bypass (CCAB) techniques, 
there has been interest in performing this surgery 
off pump or without the aid of cardiopulmonary 
bypass. This is primarily because techniques of 
myocardial protection and hemodynamic manage- 
ment have improved. 

In evaluating patients who would benefit from 
avoiding the "pump" or extracorporeal circulation, 
the primary indications are often 

- Older age 

- Patients with diseased ascending aortas and aortic 
arches 

- Renal dysfunction 

- Patients with significant myocardial dysfunction 

- Patients with poor respiratory function 

- Patients with severe liver dysfunction that may 
preclude anticoagulation required for CPB 

These groups include patients with severe preop- 
erative comorbidities and patients with advanced 
left ventricular function who poorly tolerate super- 
imposed bypass and inflammatory injured tissues. 9 
An early report comparing myocardial revascu- 
larization on and off pump in patients with ejection 
fraction less than 35%, there was a higher preva- 
lence of lower ejection fraction less than 20% in 
the OPCAB group. The average number of grafts 
was similar with the similar number of the internal 
thoracic or mammary arteries being used. There 
seemed to be a trend toward lower operative risk in 
the off-pump group and better long-term survival 
in these off-pump patients versus the on-pump 
patients. 10 

Figure 6.2 shows a completed set of grafts in 
a typical off-pump procedure, with two pedicled 
IMA grafts and an aortocoronary graft with the 
radial artery grafted to the intermediate coronary 
artery. 

It has also been shown in a large database 
that CABG reduced the likelihood of addi- 
tional readmissions in the ensuing year over the 
medical management or percutaneous interven- 
tion. 11 A comparison of OPCAB patients with 
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Figure 6.2. Two pedicled internal mammary artery 
grafts with an aortocoronary graft to an intermediate 
coronary artery. 


low ejection fraction showed similar results to 
patients with a normal ejection fraction undergo- 
ing conventional on-pump CABG. In spite of the 
unfavorable risk factors, off-pump coronary artery 
surgery in patients with ventricular dysfunction, 
left main coronary artery stenoses, etc. could 
be safely performed with a mortality of 2.5%. 12 
The hospital length of stay was also similar in 
both groups. Another large series looked at 1,075 
patients undergoing OPCAB between October 
1996 and June 2001, looking at high-risk patients 
which included patients with poor left ventricular 
function, ejection fraction less than 30%, advanced 
age greater than 70 years, left main coronary artery 
stenosis, acute myocardial function, and redo coro- 
nary artery surgery. Comparing these patients with 
over 2,000 patients with similar characteristics who 
underwent CABG on cardiopulmonary bypass, the 
results showed that the average number of grafts 
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was comparable (3.0 in the OPCAB group and 
3.2 in the on-pump group; the hospital mortality 
was 3.2% for the OPCAB group and 4.5% for the 
conventional CABG group). The ICU stay and 
hospital stay were significantly lower in the off- 
pump group and showed that these patients could 
be safely revascularized without CPB. 13 Patients 
with significant systolic dysfunction (preopera- 
tive ejection fraction less than 40%) undergoing 
off-pump surgery showed significant improvement 
postoperatively in this series. A more recent study 
published by Dr Calafiore evaluated the 30-day and 
late results in high-risk patients with a Euroscore 
greater than or equal to 6 undergoing CABG. 
Isolated myocardial revascularization with and 
without cardiac pulmonary bypass was compared 
with propensity score matching. This showed that 
in a propensity -matched group of 510 OPCAB 
with 510 conventional CABG, the OPCAB group 
had better early outcomes and similar clinical 
results. 14 The 30-day mortality was higher in the 
conventional CABG group, 5.9% versus 3.1%. 
There was also a significantly lower evidence of 
cerebrovascular accidents (CVAs). A stepwise, 
multivariate logistic regression analysis confirmed 
that CPB was an independent predictor for a higher 
early mortality (odds ratio of 2.0), as were CVA, 
and early major recurrence of chest pain. Five-year 
freedom rates from the events (death due to any 
cause, death, AMI, infarction in a grafted area, 
redo intervention, and any event) were similar in 
both groups. 

Figure 6.3 shows an off-pump coronary artery 
bypass graft being constructed, with the left ante- 
rior descending artery (LAD) immobilized by the 
Octopus suction stabilizer. 


6.3. Key Deciders for OPCAB 
or OnCAB 

It seems clear that revascularization is indicated 
in the management of heart failure and CAD. 
Particularly in this high-risk group of patients, 
OPCAB seems the preferable approach. In the pres- 
ence of greater that 2+ mitral regurgitation, patients 
should have the mitral valve repaired in heart fail- 
ure. Arom and colleagues studied in a retrospec- 
tive fashion 45 OPCAB versus 102 conventional 
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Figure 6.3. The LAD being stabilized by a suction- 
based stabilizing device to facilitate the LIMA to LAD 
anastomosis. 


CABG recipients with ejection fractions less than 
30%. 15 It was shown that cardiac displacement 
was well-tolerated in these patients. Fewer grafts 
were performed in the OPCAB group. However, 
the incidence of adverse events was comparable 
for all variables studied. Meharwal and colleagues 
published a large study with 355 patients with 
ejection fractions of 30% or less with an average 
age of 58 years. The number of grafts in this group 
was 2.8, compared with 3.3 for the on-pump cohort 
and mortality was 3.9%. The incidence of atrial 
fibrillation, length of ventilation, and hospital stay 
was reduced in the off-pump patients. This group 
of patients from India appeared to be younger 
and with less severe disease than reported in most 
CABG series in the recent literature. 

Complete revascularization is very important in 
achieving good results in patients with severe left 
ventricular systolic dysfunction. 16 Completeness 
of revascularization has been shown to improve 
early survival in young and elderly patients, and 
is a critical factor in patients with left ventricular 
dysfunction. The liberal use of balloon pump sup- 
port, appropriate inotropic support, hemodynamic 
monitoring, and perioperative analgesia are all 


important in an ensemble approach. This is even 
more necessary for exposure of lateral wall targets 
(branches of the circumflex artery) to achieve com- 
plete revascularization. The importance of preoper- 
ative optimization allows for a successful coronary 
revascularization in patients with heart failure and 
has been shown by Deitl et al. to improve survival 
in this cohort of patients with EF less than 25%. 17 

Figure 6.4 is an operative photograph showing 
an apical positioning device and a stabilizer (both 
suction based) used to expose the circumflex artery 
along the lateral wall of the left ventricle. 

In patients with ejection fraction of lower than 
25%, one predictive factor of better outcome 
was preoperative balloon pump insertion as com- 
pared to those who did not receive counterpulsa- 
tion support. An important concept for coronary 
revascularization, when OPCAB is considered, is 
vigilant and responsive anesthesia along with good 
communication between anesthetic and surgical 
teams. It is essential for the surgeons to inform 
the anesthesiologists about the number of grafts 
required, the sequence of grafting, the nature of 
the occlusion of the target vessel, etc. On the part 
of the anesthesiologists, constant hemodynamic 
monitoring of blood pressure, filling pressures, 
and ventricular wall motion with transesophageal 
echocardiography (TEE) is very important for suc- 
cessful outcomes. It is vital to have a dedicated 
anesthesiologist with vigilant surveillance and 
management of the hemodynamics to allow the 



Figure 6.4. An apical positioning device along with the 
suction device to facilitate exposure to the arteries of the 
lateral wall; note vein graft to the circumflex. 
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performance of the procedure in an expeditious and 
safe fashion. 

6.4. Contraindications to OPCAB 

There are certain instances when off-pump sur- 
gery may not be possible. These can be in patients 
with very stiff myopathic hearts that do not toler- 
ate manipulation, in which case two options are 
possible: 

- Leave lateral wall revascularization to percuta- 
neous intervention or use pump-assisted CABG 
but with the heart beating. 

- Indeed, in patients who have profound ventricu- 
lar dysfunction with hemodynamic alterations, 
the best option may be a PCAB or Pump- 
Assisted CABG. 

Discounting the inflammatory cascade from use 
of cardiopulmonary bypass, this may be the safest 
approach in sick patients with very low ejection 
fractions and profound left ventricular dysfunction. 
Often, the circulation is supported by intra-aortic 
balloon counterpulsation, which provides pulsatile 
flow. Our own experience with this technique has 
been very satisfactory. It also allows the addition 
of other procedures, such as left ventricular recon- 
struction, mitral valve repair, etc., in patients who 
require these procedures. 

The other philosophical point is the choice of 
conduit. It is virtually standard to use the left inter- 
nal mammary artery (LIMA) to graft the LAD, 
because of excellent long-term patency. This find- 
ing spawned the idea that two arteries are better 
than one and three better than two. This mode of 
practice tends to ensure a lower prevalence of heart 
failure in patients who have previously received 
multiple arterial grafts. 18 Despite this, the standard 
coronary artery bypass procedure in the USA uti- 
lizes a LIMA and saphenous vein from the thigh. 
Coronary artery surgery in emerging markets such 
as India and China shows a great deal more sophis- 
tication, with over 60% of patients in India receiv- 
ing at least two arterial grafts. 

Figure 6.5 shows all arterial grafts performed 
without any aortic manipulation, which truly pro- 
vides the full benefits of off-pump surgery. Note 
that one limb of radial artery has been used to pro- 
long the right internal mammary artery (RIMA), 



Figure 6.5. All arterial grafting with no aortic manipu- 
lation. Two pedicled IMA grafts with one radial artery 
segment extending the RIMA and the other radial artery 
segment hooked up to LIMA as inflow. 


providing a composite graft that can revascularize 
the inferior wall. The other segment of radial artery 
is anastomosed to the mid-portion of the LIMA, 
end-to-side to allow grafting of the lateral wall. 

6.5. Operative Techniques 

Successful operative technique performance of 
off-pump surgery requires a coordinated team 
approach with an experienced anesthesiologist and 
a cardiac surgeon comfortable with performing off- 
pump surgery. 

In these high-risk patients, a Swan Ganz cath- 
eter and TEE are important in maintaining normal 
hemodynamic performance. Also in patients with 
left ventricular dysfunction, the preoperative opti- 
mization of cardiac performance is essential. This 
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may require preoperative or IABP placement 
and the use of cardioactive drugs, in particular, 
phosphodiesterase inhibitors. A thorough TEE 
should be used to assess left ventricular wall 
motion, presence and degree of valvular regurgita- 
tion, severity of atheroma of the aorta, and right 
ventricular function. Presence of more than 2+ 
mitral insufficiency is a contraindication to off- 
pump revascularization. In view of the emerging 
data supporting mitral repair in the presence of 
ischemic cardiomyopathy, repair of the mitral 
valve should be considered in any one with 2+ or 
greater regurgitation. Preoperative planning is also 
very important in successful off-pump surgery. 
It is necessary for the surgical team to know the 
vessels that will be grafted, study the anatomy and 
the coronary vessels involved. There should be a 
clear plan for the kind of conduit to be used and 
vessels to be revascularized. Cardiac manipula- 
tion and displacement should be performed very 
carefully without hemodynamic perturbation in 
a measured fashion to prevent rapid swings and 
changes in blood pressure. This requires coopera- 
tion and active participation of the anesthesiologist 
who would know what to do and not overreact. 
Continual communication between the surgeon 
and the anesthesiologist is also important to ensure 
smooth conduct of the operation. In patients with 
left main or tight LAD lesions or ones with severe 
heart failure, one easy technique of positioning by 
gently putting a glove behind the heart and filling 
it with warm saline, which gently positions the 
LAD into the center of the incision, is effective. 
This allows easy access for grafting. Grafting the 
LAD first establishing flow through the septal 
perforators and the septum allows the patient to be 
stable and tolerate further manipulation. The use 
of positioning and stabilizing devices has made a 
huge difference in the ability of surgeons to oper- 
ate on vessels on the lateral and inferior wall. 

Surgical philosophy when deciding on off-pump 
surgery: 

1 . Decide if the procedure is being performed off- 
pump or not, and inform the anesthesiologists 
and nurses. 

2. If OPCAB is the technique of choice, try lifting 
the heart to visualize the back and/or insert deep 
pericardial stay sutures. These allow the surgeon 
to get a feel for whether the patient will tolerate 
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Figure 6.6. Facilitating grafting in difficult situations. 
Positioning the heart to allow the stabilizer to be used, 
along with the pacing. Note the pacing cable at the bot- 
tom of the picture. 

off-pump surgery. If not, convert to on-pump 
surgery. 

3. Decide on the conduits to be harvested and 
ensure the LIMA is harvested first for the LAD 
graft. 

4. Decide on sequence of grafting, preferably con- 
structing the LIMA to LAD first. 

5. Thereafter, proceed with a sequence to effect 
revascularization to the next most ischemic 
area. If another pedicle graft is used, such as the 
RIMA, perform this next. If aortocoronary grafts 
are planned, try to perform the aortic anastomo- 
sis first so that when the distal anastomoses are 
completed, there is instant revascularization of 
that territory. 

6. If there are issues with rhythm, use atrial pacing 
or dual chamber pacing with ventricular pacing 
wires placed on both ventricles. 

Figure 6.6 shows an operative photograph with 
pacing cables used to speed up the heart rate. 

6.5.1. Stabilization of the Heart 

One of the most important advances in the evolu- 
tion of off-pump surgery was the development of 
stabilizers. These are suction-based, traction-based 
or, pressure -based devices that stabilize portions of 
the heart where the arteries course on the surface, 
allowing for some reduction in the constant move- 
ment of the heart. The most successful of these is 
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Figure 6.7. Heart positioned with stabilizer and posi- 
tioner, with a completed distal anastomosis to an artery 
on the inferolateral wall. 


the Medtronic Octopus, which is suction based and 
was initially developed by research workers at the 
University of Utrecht, Netherlands. Various posi- 
tioning devices were then also developed to help 
move the heart around. Most off-pump procedures 
require a combination of a positioner and a stabi- 
lizer for each of the distal coronary anastomoses. 

Figure 6.7 shows the suction-based apical posi- 
tioning device and the stabilizer, allowing access to 
the inferolateral wall of the LV. 

6.5.2. Special Tips in OPCAB Surgery 

In general the sequence of the operation follows 
a philosophy, as mentioned. The goal should be 
for complete revascularization. In some instances, 
positioning of the heart can be performed by open- 
ing of the pleura and allowing the right heart to flop 
over into the right chest. This allows easy access to 
the circumflex vessels with minimal hemodynamic 
disturbance. However, this can be of concern if the 
LIMA or LITA has been grafted to the LAD as 
there may not be enough length to allow distrac- 
tion to the heart and this needs to be considered in 
planning the sequence of grafting. To complete the 
revascularization, the other distal vessels of the lat- 
eral wall and the inferior wall can then be grafted. 
The proximal anastamoses can be performed to 
the aorta with a single partial clamp or by use 
of the proximal anastomotic devices, such as the 
U-clip Spider (clampless anastamotic devices) or 



Figure 6.8. A saphenous vein graft to the LAD, per- 
formed with interrupted U-clips — using technology to 
bolster an obsolete approach. 


the Heart String (which is a clampless way of pro- 
viding a safe aortotomy). 

Figure 6.8 shows a single aortocoronary graft 
performed to the LAD using a saphenous vein 
with interrupted U-clips. This can be a particularly 
useful strategy in redo surgery, where the proximal 
anastomosis can be performed without a clamp. 

However, most of these devices are restricted 
to large caliber vein (these typically are harvested 
from the thigh and have poor long-term patency). 
To allow for immediate revascularization, the 
proximal anastamoses can be performed first. 
Intracoronary shunts can also be used for these 
high-risk patients to allow for coronary perfusion 
during the anastamoses. Intraoperative graft assess- 
ment should be performed to assess the success of 
the revascularization. Blake drains or similar soft 
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drains can be used for postoperative drainage. 
If necessary, cardiac function can be improved by 
temporary pacing wires with pacing at a higher rate 
to facilitate improved cardiac output. 

6.5.3. Minimally Invasive Coronary 
Artery Surgery 

Figure 6.9 demonstrates the use of bilateral internal 
mammary arteries to graft the left side, namely the 
LIMA to the circumflex marginal artery and the 
RIMA to the LAD. This is the preferred approach 
for robotically assisted minimally invasive CABG. 
Some of these can be performed purely through 
small incisions made for the ports and is then 
known as TECAB (totally endoscopic coronary 
artery bypass). 19 Alternatively, these can be performed 



Figure 6.9. Bilateral pedicled skeletonized internal 
mammary arteries — LIMA to circumflex marginal and 
RIMA to LAD. 


through a left mini-thoracotomy (Thora-CAB), 
after harvesting the LIMA and RIMA with the aid 
of the Da Vinci "robot." These procedures have 
a few ardent adherents at specialized centers that 
have unrestricted access to the Da Vinci robot. 
Long-term results of these procedures are 
not known. 

Finally, in many studies, it has now been shown 
quite conclusively that the long-term outcome 
with conventional coronary artery surgery is sig- 
nificantly better than that with percutaneous tech- 
niques, such as angioplasty and stenting. 20 

Figure 6.9 shows the typical configuration of 
bilateral pedicled IMA grafts performed off-pump 
through a minimally invasive approach (either 
TECAB or Thora-CAB). 


6.6. Hybrid Procedure 

In a subset of patients with severe heart failure who 
may also have significant morbidity, such as renal 
comorbidities, or who may not recover from a ster- 
notomy or partial sternotomy, a hybrid approach is 
a very attractive option. In view of the improving 
stent technology, this may become the future of 
revascularization. Hybrid revascularization entails 
surgical revascularization combined with tran- 
scatheter therapy. 

Usually the LITA is grafted to the LAD in a 
minimally invasive fashion. This can be performed 
by a thoracotomy or sub-xyphoid MIDCAB 
approach. 21 The other less important vessels can 
then have a stent placed percutaneously. In gen- 
eral, the sequence is to perform the graft and per- 
cutaneous placement of the stent, within the same 
day or within 48 h. This sequence of revasculariza- 
tion has two benefits and in the case of left main 
disease, i.e., 

1 . The LAD is then protected by graft, and 

2. The anastomosis can be evaluated at the time of 

angiography. 

This hybrid approach allows for a less invasive 
approach to complete revascularization. It can also 
be used in redo patients where the back or wall 
vessels can be grafted through a thoracotomy with 
inflow from the descending aorta with stenting of 
the other vessels. 
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OPCAB revascularization has been shown to 
be as effective and safe as conventional coronary 
bypass. 22 In the high-risk patient, particularly those 
with heart failure, left main disease, or severe ven- 
tricular dysfunction (LVEF) less than 35%, com- 
plete revascularization can also be performed and 
is also more beneficial in this high-risk population. 
These patients do need to be optimized and the pro- 
cedure needs to be performed by an experienced 
team to obtain good outcomes. 

6.7. Arterial Grafts to Prevent 
Heart Failure ? 

The philosophical imperative to use more arterial 
grafts stems from long-term patency data compar- 
ing internal thoracic or mammary arteries with 
saphenous vein grafts. One of the largest real- 
world experiences comes from Brian Buxton's 
database in Melbourne which conclusively showed 
a dramatic divergence in patency starting at 
3 years, progressing dramatically over 20 years. 
Interestingly, the patency of the IMA graft remains 
similar over those 20 years with no further decline 
in patency. 

Figure 6.10 is a graphical representation of the 
cumulative patency of internal thoracic artery grafts 
compared to saphenous vein grafts, from the larg- 
est longitudinal database of its kind (kind courtesy 
of Prof Brian Buxton, University of Melbourne and 
Epworth Hospital Databases — maintained by Prof 
Buxton and Dr J Fuller). 



Figure 6.10. Cumulative patency of saphenous vein 
grafts compared to the internal mammary artery or inter- 
nal thoracic artery — University of Melbourne database, 
courtesy of Prof B Buxton. 


As a consequence, redo coronary artery surgery, 
reintervention for vein graft disease, and heart 
failure from failing vein grafts form a small load 
of the heart failure population in the areas served 
by the University of Melbourne surgeons. While 
this is observational data, this is probably due 
to the high use of multiple arterial grafts. The 
results of the RAPCO (Radial Artery Patency and 
Cumulative Outcomes) study set up by Buxton 
and Raman in 1996 are awaited in 2007-08 with 
great interest. 

Off-pump CABG with complete revasculariza- 
tion has been shown to be as effective and safe as 
conventional coronary bypass and complete revas- 
cularization to be performed off-pump (Puskas). 
In the high-risk patient, particularly those with 
heart failure, the left main disease or severe 
ventricular dysfunction (LVEF less than 35%), 
complete revascularization can also be performed 
using OPCAB. This technique can be more ben- 
eficial in this high-risk population. These patients 
do need to be optimized and the procedure needs 
to be performed by an experienced team to 
obtain good outcomes. To successfully perform 
this, the surgeon needs to have many options on 
the approach for revascularization and with the 
advances in off-pump techniques, this can be 
readily performed. A strategy of off-pump sur- 
gery utilizing arterial grafts as in Figure 6.11 may 
be the innovative way of preventing heart failure 
(the off-pump approach reduces the early periop- 
erative myocardial dysfunction and the arterial 
grafts provide better patency, thereby preventing 
development of heart failure). 


6.8. Keypoints 


Coronary artery surgery provides a very suit- 
able primary surgical modality in the treatment 
of heart failure as a consequence of CAD. 

Off-pump coronary artery bypass surgery 
may have particular advantages in high-risk 
patients with left ventricular dysfunction. 

Appropriate choice of arterial conduits may 
confer protection against future episodes of 
heart failure. 

Coronary artery surgery remains the corner- 
stone for a lot of surgical techniques in the treat- 
ment of heart failure. 
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Figure 6.11. All arterial grafts — using both pedicled 
IMAs and radial arteries — this strategy combined with 
beating heart techniques may prevent heart failure in 
the short and long term. Note the radial artery exten- 
sion of the RIMA and the radial artery jump graft off 
the LIMA. 
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7 

Circulatory Support for Bridging 
to Recovery or Transplantation 

Francis D. Pagani 


7.1. Indications for Device Support 
and Patient Selection 

The goal of circulatory support as a bridge to 
recovery or transplantation is to restore normal 
hemodynamics and oxygen delivery while per- 
mitting recovery of end-organ function. There are 
no absolute hemodynamic criteria to meet in order 
to initiate circulatory support; therefore, appropri- 
ate judgment and clinical experience is required 
to select the proper patients and intervene at an 
appropriate time. In the setting of acute myocardial 
infarction complicated by cardiogenic shock, a car- 
diac index of less than 2.2L/min/m 2 , systolic blood 
pressure of less than 90mmHg, pulmonary capillary 
wedge pressure of greater than 15mmHg, with 
manifestations of poor tissue perfusion reflected by 
oliguria, rising serum creatinine and liver transami- 
nases, acidosis, mental status changes, and cool 
extremities, are associated with a mortality in excess 
of 50% at 30 days. 1 This high mortality occurs 
despite the availability of optimal pharmacologic 
therapy, invasive monitoring, thrombolysis, and 
intraaortic balloon pump (IABP) support. 1 Thus, in 
the appropriate clinical setting, circulatory support 
can be lifesaving. Hemodynamic criteria alone, 
however, should not be used as the only factor in 
assessing a patient's need for circulatory support. 
Other important considerations include the degree 
of inotropic support, clinical setting and findings, 
and time frame in which events, such as organ 
injury or recovery, are occurring. 

Patient selection is, perhaps, the single most 
crucial factor in determining a successful outcome 


in patients who receive circulatory support. The 
patient's history and overall clinical setting are 
considered in the decision process to initiate cir- 
culatory support. Patients should not be considered 
for it if they have significant contraindications to 
circulatory support or to heart transplantation in 
situations where they are unlikely to wean from cir- 
culatory support once it has been initiated. Absolute 
contraindications to circulatory support include the 
presence of irreversible renal, hepatic, or respira- 
tory failure, as well as neurologic dysfunction with 
significant irreversible cognitive deficits. 

Increasing degrees of chronic organ dysfunction 
also present relative, but not absolute, contrain- 
dications to initiating temporary circulatory sup- 
port. Chronic pulmonary disease associated with 
significantly impaired pulmonary reserve and sys- 
temic oxygenation can contribute to perioperative 
hypoxia and pulmonary vasoconstriction, resulting 
in right-sided circulatory failure. Patients with 
severe chronic pulmonary disease may have a fixed 
(not responsive to pulmonary artery vasodilators) 
elevation of the pulmonary vascular resistance. 
A pulmonary vascular resistance of more than 
4-6 Wood units that is not reversible represents a 
contraindication to heart transplantation, and thus 
circulatory support in circumstances where wean- 
ing is unlikely. 

Acute renal failure requiring dialysis is only a 
relative contraindication to initiating temporary 
circulatory support. In the setting of cardiogenic 
shock with acute renal failure, establishing normal 
hemodynamics with circulatory support may resolve 
the renal failure. The degree and duration of shock, 
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along with the patient's baseline renal function, 
must be considered in estimating the probability of 
recovery of renal function. Underlying "nonrevers- 
ible" etiologies for renal insufficiency, including 
diabetic nephropathy or hypertensive renal disease, 
may significantly impact the degree of recovery. 
This is important in considering whether the patient 
will be a transplant candidate or not, in the event 
that native heart function does not recover while 
the patient is supported on a device. 2 Similarly, 
improvement in hepatic congestion and recovery 
of synthetic functions of the liver can occur with 
institution of circulatory support. The presence of 
portal hypertension or liver cirrhosis is an absolute 
contraindication to initiating circulatory support. 

Age may represent a relative contraindication 
to initiating circulatory support if the patient is 
unlikely to wean, and is either too elderly or has 
additional comorbidities to qualify for heart trans- 
plantation. Advanced age adversely affects survival 
on temporary circulatory support, but does not 
affect the probability of weaning. 3-8 

Timing the initiation of temporary circulatory 
support is also crucial to patient outcome. In the 
setting of postcardiotomy shock, delay in initiating 
temporary circulatory support for >6h after the 
initial weaning from cardiopulmonary bypass is 
associated with a significant decrease in survival; 
44% versus 14%. 78 Early initiation of circulatory 
support, based on predictive models for device 
need using hemodynamic parameters and degree of 
intraoperative inotropic support, has demonstrated 
improved rates of weaning and survival to hospital 
discharge 9 (Table 7.1; Figure 7.1). As the severity 
of illness and organ dysfunction increase as a result 
of delay in instituting circulatory support, the need 


Table 7.1. Insertion criteria for implantation of ventricu- 
lar assist devices 3 . 


Hemodynamic criteria 

Systolic blood pressure 

Mean pulmonary artery pressure 

Central venous pressure 

Cardiac index 

Pharmacologic criteria 

Epinephrine 

Dobutamine 

Dopamine 

Milrinone 


<100mmHg 

> 25 mmHg 

> 15 mmHg 
<2.0L/min/m 2 

>0.15(ig/kg/min 

> lOug/kg/min 
>10ug/kg/min 
>0.5ug/kg/min 


"Two or more high dose inotropes with low output triggers VAD 
consideration. 

Source: Adapted from Samuels et al.' 


for biventricular support, rather than univentricular 
support alone, increases and results in decreased 
survival. 6 ' 7,10,11 An episode of cardiac arrest prior 
to the initiation of temporary circulatory support 
significantly reduces survival, 47% versus 7%. 7,8 

Selection of the appropriate circulatory assist 
device is also critical to successful outcome and 
is dependent on a number of factors. These factors 
include the etiology of the circulatory failure, the 
duration of expected support, whether biventricu- 
lar or univentricular support is required, whether 
combined cardiac and pulmonary failure is present, 
the size of the patient, the intended use for the 
device, and what are the current Food and Drug 
Administration (FDA) restrictions and regulations 
for a particular device. Consideration of all these 
factors help define the end point of therapy, which 
may include bridge to recovery or bridge to heart 
transplantation (Table 7.2). 

7.2. Considerations in Instituting 
Temporary Circulatory Support 

7.2. 1 . Valvular Heart Disease 

Abnormalities of the cardiac valves have impor- 
tant consequences in patients being considered 
for circulatory support and may require repair or 
replacement in order to initiate successful circu- 
latory support or achieve weaning from support. 
Mild to moderate aortic stenosis in the absence of 
insufficiency is not a contraindication to placement 
of a ventricular assist device (VAD). However, 
severe aortic stenosis should be corrected prior to 
placement of a temporary VAD, preferably with a 
bioprosthetic valve, to facilitate future weaning or 
optimize native heart function in the event of device 
failure. The presence of even mild to moderate 
aortic insufficiency can have a significant impact 
on the effectiveness of VADs where left ventricu- 
lar assistance is initiated with left atrial to aortic 
cannulation. In these cases, aortic insufficiency 
will result in left ventricular distention in the pres- 
ence of significant left ventricular dysfunction. 
Left ventricular distention adversely affects sub- 
endocardial blood flow and can ultimately prevent 
weaning from circulatory support. In cases where 
left ventricular assistance is initiated with devices 
that require left ventricular apical to aortic cannula- 
tion, reductions in left ventricular pressure elicited 
by mechanical assistance increase the pres- 
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Precardiotomy 


Acute Cardiogenic Shock 


Postcardiotomy 


Inotropes 


Low Output with 2 High 
Dose Inotropes 


IABP optional if condition 
warrants direct VAD insertion 


I.A.B.P.* 


Low Output with 2 or 3 
High Dose Inotropes & IABP 


Within 30 minutes 
Of 1st Attempt to 
Wean from CPB 


Within 1 Hour 
Of 1st Attempt to 
Wean from CPB 


Short-term VAD 


Left Ventricular Support 



I 


The Majority of cases begin with LV 
failure, and can be managed with an 
LVAD alone. If insertion is delayed, 
then the likelihood of biventricular 
support rises 


Bi-Ventricular Support 


1 


R ight Ventricular S upport 



Figure 7.1. Algorithm for determining timing of device support. (Reproduced with permission from Samuels et al. 48 
©2007 by The Society of Thoracic Surgeons. 


Table 7.2. List of circulatory 

support devices 

for bridge to recovery or heart transplantation. 

Pump type 


d 

Intended 
uration of suppo 

. t b 

I 

'DA Status" 



Indications or potential uses 


Intraaortic balloon pump 

Short-term 

Approved 

Short-term bridge to recovery 

Extracorporeal rotary pumps 




ECMO 

Short-term 

Approved 

Short-term bridge to recovery (centrifugal 
pumps are FDA-approved for short-term 
support of <6 h. Longer periods of support are 
considered "off-label" use). 

Centrifugal pumps 

Short-term 

Approved 


TandemHeart pVAD 

Short-term 

Approved 


Impella Recovery system 

Short-term 

Investigative 


Extracorporeal pulsatile pumps 




Thoratec VAS 

Short or long-term 

Approved 

Short-term bridge to recovery, 
bridge to transplant 

Abiomed BVS 5000 

Short-term 

Approved 

Short-term bridge to recovery 

Implantable pulsatile pumps 




HeartMate XVE LVAS 

Long-term 

Approved 

Bridge to transplant 

Novacor LVAS 

Long-term 

Approved 


Implantable rotary pumps 




HeartMate II 

Long-term 

Investigative 

Bridge to transplantation 

DeBakey LVAD 

Long-term 

Investigative 


larvik 2000 

Long-term 

Investigative 


Total artificial heart 




CardioWest 

Long-term 

Approved 

Bridge to transplantation 


FDA Food and Drug Administration, ECMO Extracorporeal membrane oxygenation, pVAD percutaneous Ventricular Assist Device, 
LVAS left ventricular assist system, LVAD left ventricular assist device. 
a FDA status as of lune 2005. 

b Short- and long-term designations are considered relative and generally imply days to weeks (2) for short-term duration of support 
and weeks to months and in some cases >1 year for long-term durations of support. 
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sure gradient across the aortic valve and increase 
the degree of aortic insufficiency. Thus, blood 
pumped into the aortic root by the device will flow 
backward across the incompetent aortic valve (aortic 
insufficiency), thereby decreasing net forward 
flow and compromising end-organ perfusion. Even 
mild to moderate aortic insufficiency may become 
severe with initiation of circulatory support as 
a consequence of reducing left ventricular end- 
diastolic pressure by emptying of the left ventricular 
cavity by the device and elevation of the aortic root 
pressure due to an increase in device flow. The 
significance of the regurgitant volume of blood can 
be easily determined by measuring cardiac output 
with a thermodilution catheter and comparing it to 
device flow. In cases where device flow exceeds 
the cardiac output by >1.5-2L/min, the volume of 
regurgitation is considered significant. In addition, 
the presence of significant aortic insufficiency can 
be confirmed by echocardiography. Patients with 
a mechanical valve prosthesis in the aortic valve 
position should have the mechanical valve replaced 
with a bioprosthetic valve prior to institution of 
temporary left ventricular assistance. However, 
bioprosthetic valves in the aortic position are also 
prone to thrombosis as a result of complete unload- 
ing of the left ventricle with a VAD that obviates 
the need for prosthetic valve opening and closing 
during support. The management of aortic valve 
prosthesis for patients requiring long-term bridge 
to heart transplant or destination support with 
implantable devices is controversial and different 
strategies are necessary than for patients requiring 
only temporary support. 1213 

Patients with significant preexisting mitral 
stenosis at the time of initiation of circulatory sup- 
port may require correction of the valvular problem 
before initiation of circulatory support, depending 
on device selection and site of cannulation. In the 
setting of significant mitral stenosis, left ventricu- 
lar filling is impaired. Device systems that utilize 
apical ventriculotomy for cannula placement for 
ventricular drainage may experience limitations 
in device filling due to the mitral stenosis. This 
problem can be circumvented by either choos- 
ing a device that can utilize left atrial drainage 
or by correcting the underlying valvular pathol- 
ogy (mitral valve repair or replacement with a 
bioprosthetic valve). In patients with prosthetic 
valves in the mitral position (either mechanical 


or bioprosthetic), left ventricular assist should be 
accomplished with left ventricular apical cannula- 
tion to ensure adequate blood flow across the mitral 
prosthesis to prevent thromboembolism. Mitral 
regurgitation does not have an impact on the filling 
of a left ventricular assist device (LVAD); however, 
elevations in pulmonary pressures may persist 
with severe regurgitation, and remodeling of the left 
ventricle may be adversely effected. 14 In situations 
where weaning from circulatory support may be 
feasible, correction of the mitral pathology, either 
stenosis or regurgitation, is necessary in order to 
optimize ventricular function. 

Adequate right heart function is extremely 
important to maintain LVAD flow in the early 
postoperative period in patients on univentricular 
support. Severe tricuspid regurgitation can sig- 
nificantly impair the forward flow of blood on the 
right side particularly in situations of high pulmo- 
nary vascular resistance. Further, severe tricuspid 
regurgitation contributes to elevated central venous 
pressure, hepatic congestion, and renal dysfunc- 
tion. Severe tricuspid regurgitation may be present 
preoperatively in the setting of volume overload 
and biventricular failure or may develop following 
institution of LVAD support as a consequence of right 
ventricular dilation from leftward shift of the inter- 
ventricular septum. 15-17 If severe tricuspid regurgita- 
tion is present during the initiation of LVAD support, 
tricuspid valve repair should be performed to 
improve right-sided circulatory function. 

7.2.2. Coronary Artery Disease 

Patients who have significant obstructive coronary 
artery disease or patients with postcardiotomy 
shock following failed coronary bypass opera- 
tions may continue to experience angina during 
circulatory support. The presence of obstructive 
coronary disease with ongoing ischemia may limit 
the degree of myocardial recovery, significantly 
impact the ability to wean from device support, or 
impact the ability to wean from cardiopulmonary 
bypass with left-sided support only in the presence 
of ischemia of the right ventricle. Perioperative 
ischemia of the right ventricle may be of hemody- 
namic significance during institution of circulatory 
support. Right ventricular ischemia causing myo- 
cardial stunning or infarction that occurs during 
or soon after initiation of circulatory support can 
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elicit right-sided circulatory failure, resulting in 
decreased flow to the LVAD. In patients who have 
had coronary bypass surgery and are candidates 
for circulatory support, patent bypass grafts, par- 
ticularly to the right coronary artery or left anterior 
descending coronary artery, should be preserved in 
order to reduce the risk of perioperative right-sided 
circulatory failure and arrhythmias. In selected 
situations it may be important to perform a coronary 
artery bypass to the right coronary artery or left 
anterior descending coronary artery systems to 
optimize right heart function in the perioperative 
period if significant obstructive coronary lesions 
amenable to bypass are present in the distribution 
of the these arteries. 

7.2.3. Arrhythmias 

Atrial and ventricular arrhythmias are common in 
patients with cardiogenic shock and underlying 
ischemic heart disease or idiopathic cardiomyopa- 
thies. These arrhythmias generally persist in the 
immediate postoperative period and subsequently 
resolve with time as the hemodynamic condition 
of the patient improves and inotropic therapy 
is weaned. In patients with ongoing ventricular 
arrhythmias, biventricular assistance is generally 
indicated to ensure adequate LVAD filling. In situ- 
ations where weaning from circulatory support is 
feasible or planned, elimination of the ventricular 
arrhythmias with antiarrhythmic therapy or electro- 
physiological ablation is essential. 

7.2.4. Intracardiac Shunts 

Potential intracardiac shunts such as a patent 
foramen ovale or atrial septal defect should be 
closed at the time of initiation of left ventricular 
assistance to prevent right to left shunting. These 
anomalies should be identified prior to surgery 
using transesophageal echocardiogram. 18 During 
the initiation of left ventricular assistance, left 
atrial pressure is reduced compared to right atrial 
pressure. This gradient causes shunting of deoxy- 
genated blood from the right atrium into the left, 
resulting in significant systemic hypoxemia. In cases 
where a patent foramen ovale or atrial septal defect 
has been missed, treatment includes administer- 
ing pulmonary vasodilators and inotropic agents to 
decrease the shunt by improving right heart function 


and lowering right atrial pressure. If significant 
hypoxia persists, reoperation or percutaneous inter- 
ventions to close the anomaly are required. 

7.3. Adverse Events 
Associated with Mechanical 
Circulatory Support 

The perioperative morbidity associated with seri- 
ously ill patients requiring temporary circulatory 
support is significant. Bleeding, right-sided circula- 
tory failure, neurologic dysfunction, and progressive 
multisystem organ failure are the most frequent 
complications that occur in the early postoperative 
period following initiation of circulatory support. 

Bleeding is a frequent complication and gener- 
ally requires reoperation in the early postop- 
erative period. Risk factors for bleeding include 
preoperative hepatic congestion and failure, poor 
preoperative nutritional status, prolonged cardi- 
opulmonary bypass times, extensive surgical dis- 
section, reoperative surgery, multiple cannulation 
sites, decreased platelet function, and induction of 
fibrinolysis as a result of contact with biomaterial 
surfaces of the cardiopulmonary bypass circuit and 
circulatory support device. The risk of bleeding 
has decreased with the use of the serine protease 
inhibitor, aprotinin, and administration of vitamin 
K prior to operation. 19,20 

Right-sided circulatory failure occurs in 
-10-20% of patients supported by left ventricular 
assistance. This incidence is significantly higher in 
patients presenting with multisystem organ failure. 
The etiology of right-sided circulatory failure is 
multifactorial and includes primary pathologies 
within the pulmonary vascular bed and/or right 
ventricle. Frequently, the occurrence of right-sided 
circulatory failure is a consequence of both. Factors 
contributing to right-sided circulatory failure include 
impaired right ventricular function as a result of air 
embolism, myocardial stunning as a result of poor 
intraoperative myocardial protection, ischemia and 
infarction from coronary artery disease, arrhythmias, 
volume loading, and alteration of right ventricu- 
lar septal geometry induced by left ventricular 
unloading. Several studies have demonstrated that 
factors such as elevated central venous pressure, 
transpulmonary gradient greater than 16mmHg, 
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low preoperative right ventricular stroke work 
index, degree of preoperative pulmonary edema, 
increased need for perioperative transfusions, all 
increase the need for right ventricular mechanical 
support following left ventricular assistance. 11,21-23 
Acute unloading of the left ventricle by circulatory 
support may cause the septum to shift leftward, 
increasing right ventricular volume loading and 
reducing its function. 1516 The negative conse- 
quences of this phenomenon may be offset by 
the reduction in pulmonary artery pressures and 
right ventricular afterload caused by device-medi- 
ated left ventricular decompression. 15,16 Limiting 
device flows in the early perioperative period may 
prevent septal shift and right ventricular overload, 
and thus prevent right-sided circulatory failure in 
some patients. More recently, the improved peri- 
operative management of elevated pulmonary vas- 
cular resistance including the use of inhaled nitric 
oxide, a specific, potent pulmonary vasodilator, 
in combination with milrinone, isoproterenol, or 
dobutamine, has significantly reduced the need for 
placement of a right VAD. 24 

The occurrence of thromboembolic events fol- 
lowing circulatory support is variable and depends 
on a number of factors including the type of device, 
duration of support, location and number of can- 
nulation sites, and the presence of prosthetic valves 
within the heart. Overall, -10-30% of patients 
receiving circulatory support will experience a 
thromboembolic event. Improvement in the rate 
of thromboembolic events has come from more 
aggressive antiplatelet therapy in conjunction with 
heparin and warfarin anticoagulation, improved 
device design, and more frequent use of left ven- 
tricular apical as compared to left atrial cannula- 
tion. In patients supported for short durations only, 
anticoagulation is usually achieved with heparin 
and antiplatelet therapy. Longer term support usu- 
ally requires transition to warfarin and antiplatelet 
therapy for most, but not all, temporary extracor- 
poreal devices. 

The incidence of early nosocomial non-device- 
or device-related infections in patients undergoing 
temporary circulatory support is -30-40% in many 
series and is related to the acuity of illness in this 
population of patients. 25,26 Patients with persistent 
or recurrent sepsis and those patients with device- 
related infections tend to have a higher mortal- 
ity than do patients without these complications. 


Prolonged hospitalization, immobilization, endotra- 
cheal intubation, poor nutritional status, diabetes, 
obesity, indwelling catheters, intravascular lines, 
transcutaneous cannulas, and broad-spectrum anti- 
biotic therapy all contribute to the high incidence of 
nosocomial infections. Device-related infections can 
sometimes be successfully treated with antibiotic 
suppression and device exchange or removal. 

7.4. Considerations in Weaning 
Patients from Mechanical 
Circulatory Support 

A number of factors must be considered when 
weaning patients from circulatory support. First 
and foremost is the consideration of any pathologic 
abnormalities of the heart, such as valvular disease 
or severe coronary disease, that has not been 
addressed and corrected. If the underlying pathology 
that has caused the patient to require circulatory 
support is not corrected, then the chances of weaning 
from device support will be negligible. Cardiac 
tamponade must also be excluded. Bleeding is a 
major early complication of circulatory support, 
and reoperation for cardiac tamponade and bleed- 
ing is frequent. Transesophageal echocardiogram 
may not reliably identify cardiac tamponade in 
the early postoperative period. Thus, a high index 
of suspicion and low threshold for reoperation 
is critical to rule out tamponade. Volume status, 
preload and afterload, cardiac rhythm, and degree 
of inotropic support should be optimized for wean- 
ing. Noncardiac causes can contribute to failure to 
wean from circulatory support. Pulmonary edema, 
elevated pulmonary vascular resistance, acute res- 
piratory distress syndrome, and pneumonia may 
hinder right ventricular function. Once a patient's 
status has been optimized, weaning from circu- 
latory support with the use of transesophageal 
echocardiogram is ideal. As device flows are 
reduced, transesophageal echocardiogram provides 
information on ventricular filling and perform- 
ance and valve function. If patients can main- 
tain satisfactory hemodynamics with reduction of 
pump flow, they can be considered for weaning. In 
the setting of biventricular support, it is important 
that device flows on the right side be reduced prior 
to turning down left-sided device flows to prevent 
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pulmonary edema in the event of inadequate left- 
sided ventricular function. As device flows are 
reduced, native heart function will begin to support 
the circulation and monitoring of the systemic 
arterial waveform will demonstrate native heart 
contractions in synchronization with the electrocar- 
diogram. If the hemodynamics are unsatisfactory 
during the weaning trial, the patient will require 
continued support and subsequent weaning trials. 
In cases where weaning from temporary circulatory 
support is not possible, patients should be evalu- 
ated for heart transplantation or destination therapy 
and bridged to a mechanical device with long-term 
support capabilities when feasible and indicated. 

7.5. Mechanical Circulatory 
Support Devices 

7.5.1. Intraaortic Balloon Pump 

The IABP was first introduced in 1962 by 
Moulopolous and colleagues. 27 The first clinical 
use of the IABP was reported by Kantrowitz in 
1968 who described the use of the pump in three 
patients suffering from postinfarction cardiogenic 
shock. 28 Since that time, the IABP has become a 
simple, affordable, and effective device to support 
patients in cardiogenic shock (Figure 7.2). The 
IABP can be inserted percutaneously and may 
augment cardiac output by as much as 10-25% 
depending on a number of factors that include 
balloon size, patient size, degree of aortic com- 
pliance, cardiac rhythm, blood pressure, IABP 
settings and timing, as well as etiology of the 
cardiogenic shock. Patients with ischemic cardio- 
myopathy generally have the greatest increase in 
cardiac output, with improved cardiac contractility 
resulting from enhanced coronary perfusion. 

The concept for the IABP is based upon the 
observation that the area under the arterial pres- 
sure trace (time-tension index) is an indirect 
estimation of the heart's oxygen consumption and 
by decreasing the area during systole by reducing 
afterload, can effectively support the failing heart. 
Harken and colleagues described a device that 
lowered the time-tension index by withdrawing 
blood from the arterial tree just before ventricular 
systole, returning it to the circulation in diastole. 29 
In 1962, Moulopolous and associates described 
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Figure 7.2. Intraaortic balloon pump (Datascope System 
98/98XT, Datascope Corporation, Fairfield, NJ). (A) 
Console for the IABP. (B) Catheter-mounted balloon is 
typically placed into the thoracic aorta through a percu- 
taneous insertion in the groin. 

a catheter-based balloon that produced hemody- 
namic effects similar to the Harken pump, but without 
an extracorporeal pump. 27 Moulopolous passed a 
balloon into the aorta that inflated during ventricu- 
lar diastole, thereby augmenting diastolic blood 
pressure. Deflation just before ejection effectively 
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decreased the heart afterload and thus the work of 
the heart during systole. 

The major hemodynamic effects of the IABP 
are a decrease in left ventricular afterload and an 
increase in coronary artery perfusion pressure. 
Cardiac output improves from enhanced myocardial 
contractility as a result of increased coronary blood 
flow and reduced afterload and preload. The IABP 
is positioned with the tip of the balloon lying just 
distal to the left subclavian artery. The balloon 
should fill the aorta so that during the inflation 
cycle it nearly occludes the vessel. In adults, bal- 
loon volumes of 30-40 ml are optimal. Inflation 
should be timed to coincide with closure of 
the aortic valve, which is obtained by identifying 
the dicrotic notch of aortic blood pressure trace 
(Figure 7.3). Deflation should occur as late as 
possible to maintain the duration of the augmented 
diastolic blood pressure but before the aortic valve 
opens and the ventricle ejects. Deflation is timed to 
occur with the onset of the electrocardiographic R 
wave. A regular heart rate with an easily identi- 
fied R wave or a good arterial pulse tracing with a 
discrete aortic dicrotic notch optimizes perform- 
ance of the IABP. Current IABP consoles trigger 
off the electrocardiographic R wave or from the 
arterial pressure tracing. During tachycardia, the 



end-diastolic pressure Assisted aortic 

end-diastolic pressure 

Figure 7.3. Aortic pressure tracing during IABP support. 
With correct timing, balloon inflation begins immediately 
after aortic valve closure, signaled by the dicrotic notch. 
Compared with unassisted ejection, the pump augments 
diastolic blood flow by increasing peak aortic pres- 
sure during diastole (diastolic augmentation). Balloon 
deflation before systole decreases ventricular afterload, 
with lower aortic end-diastolic pressure (assisted aortic 
end-diastolic pressure) and lower peak systolic pressure 
(assisted systole). 


IABP is usually timed to inflate every other beat. 
In unstable patients, obtaining a regular rhythm or 
regular paced rhythm optimizes proper timing of 
the IABP. 

The IABP can be inserted into the common 
femoral artery either by the percutaneous tech- 
nique using a modified Seldinger technique, or 
by surgical cut-down. A cut-down is generally 
performed during cardiopulmonary bypass when 
the arterial pulse is absent because of nonpulsatile 
flow. In situations where the common femoral or 
iliac arteries cannot be used because of occlusive 
disease and an inability to advance the guide wire, 
the axillary artery, exposed below the middle third 
of the clavicle, may be used as an alternative entry 
site. Alternatively, in situations of postcardiotomy 
failure to wean, the ascending aorta may be utilized 
as an insertion site. Fluoroscopy or transesopha- 
geal echocardiography should be utilized to ensure 
proper positioning of the guide wire. The balloon 
should be positioned so that during inflation it does 
not occlude the left subclavian artery. Heparin is 
recommended if the IABP will remain in place 
for more than 24 h. Weaning of the IABP entails 
observing the clinical response to reducing the 
ratio of assisted heartbeats to total beats from 1 : 1 
to 1:3 or 1:4. 

Complications from use of the IABP include 
leg ischemia, balloon rupture, thrombosis within 
the balloon, sepsis, infection at the insertion site, 
bleeding, false aneurysm formation, lymph fistula, 
femoral neuropathy, vessel perforation with 
hemorrhage, and aortic dissection from catheter 
passage below the intima. The largest study to 
date of complications from IABP therapy from 
the Benchmark Registry included 16,909 patients 
from 243 institutions in 18 countries. 30 In this 
registry, the mean age of the patients was 66 years 
and only 12% had previously documented periph- 
eral vascular disease. Approximately 80% of the 
IABPs were inserted with an arterial sheath and 
78% used a 9.5 Fr instead of the smaller 8Fr-size 
catheter. IABP-related mortality was 0.05% (Table 
7.3). The prevalence of any limb ischemia was 
2.9% and that of major limb ischemia was 0.9%. 
The need for amputation from IABP insertion was 
0.1%. Multivariate analysis revealed that female 
sex, age, peripheral vascular disease, and body 
surface area predicted procedure complications (Table 
7.3). Smaller IABP catheter size (8Fr) is associated 
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Table 7.3. Complication rates and predictors of adverse 
events utilizing IABP therapy from the Benchmark Registry 


Complication incidence (%) (n = 

16,909 patients) 


IABP-related mortality 

0.05% 


Any limb ischemia 

2.9% 


Major limb ischemia 

0.9% 


Severe access site bleeding 

0.8% 


Amputation 

0.1% 


Balloon leak 

1.0% 


Multivariate predictors of IABP complications 



Odds ratio 

p value 

Peripheral vascular disease 

1.97 

< 0.001 

Female 

1.74 

< 0.001 

Body surface area <1.65m 2 

1.45 

<0.05 

Age >75 years 

1.29 

<0.05 


Source: Adapted from Ferguson et al. 30 In this study, major limb 
ischemia was defined as a loss of pulse or sensation, or pallor 
requiring vascular surgery. Minor limb ischemia was defined 
as loss of pulse that resolved with the removal of the IABP. 
Major bleeding was defined as bleeding causing hemodynamic 
compromise requiring blood transfusion or vascular surgery. 
Mortality due to IABP was defined as death due to vascular 
perforation or embolism related to the IABP procedure. 

with a lower rate of ischemic complications and 
sheathless insertion may be associated with a lower 
ischemic complication rate as well. 

The IABP has several disadvantages. In the best 
of circumstances, cardiac output is augmented by 
25% as compared to LVADs that can augment 
cardiac output by three to five times baseline flows. 
The IABP offers no significant support to the right 
heart. Mobilization and ambulation of the patient 
is limited while the IABP is being utilized. IABP 
are generally contraindicated in the presence of 
significant aortic insufficiency (increases diastolic 
pressure and regurgitant volume), aortic aneurysm 
and/or dissection, and sepsis. 

7.5.2. Extracorporeal Membrane 
Oxygenation 

Extracorporeal membrane oxygenation [ECMO; 
also known as extracorporeal life support (ECLS)] 
utilizes a modified heart-lung machine to provide 
circulatory assistance as well as oxygenation and 
carbon dioxide removal from blood for days to 
weeks to permit recovery from severe cardiac and/ 
or pulmonary failure 31-34 (Figure 7.4). The ECMO 
circuit is similar in concept to the cardiopulmonary 
bypass circuit routinely used in the operating room, 
but has certain modifications, particularly the 



Figure 7.4. Photograph of an extra-corporeal membrane 
oxygenation (ECMO) circuit utilized at the University 
of Michigan. [Note: roller pump, bottom center of the 
photograph (B), and membrane oxygenator, center of 
the photograph (A)]. Photograph courtesy of Dr. Fresca 
Swaniker, Department of Surgery, Division of Surgical 
Critical Care, University of Michigan. 

inclusion of membrane oxygenators, that permit 
extended periods of support. The first successful 
use of prolonged ECMO was reported by Hill in 
1972. 35 ECMO has been used in an increasing 
number of indications including neonatal, pediatric, 
and adult respiratory support, postcardiotomy 
support, and as a bridge to an implantable LVAD 
("bridge to bridge concept") or bridge to heart 
transplantation. 36-38 

ECMO circuits are composed of a centrifugal 
pump with either hollow fiber or membrane 
oxygenator, oxygen blender, pump console, heat 
exchanger, and pump cart. A roller pump along 
with membrane oxygenator is preferred by some 
centers. 34 Heparin-bonded circuits are also utilized. 
These circuits reduce but not eliminate the need 
for systemic anticoagulation and may reduce the 
inflammatory response associated with ECMO. 
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Cannulation for ECMO is extremely variable and 
depends on the clinical situation and whether 
a venoarterial or venovenous circuit is desired. 
Venovenous circuits are the preferred method for 
providing respiratory support, while venoarterial 
circuits can be utilized for either cardiac and/or 
respiratory support. In emergent situations where 
institution of circulatory support is needed within 
minutes, percutaneous cannulation of the femoral 
vein and artery can be performed. In less urgent 
situations, cut-down on the internal jugular and 
carotid artery or respective femoral vessels can be 
performed. In cases of postcardiotomy failure in 
the operating room, venous access can be obtained 
by insertion of a cannula in the right atrium and 
arterial outflow obtained by cannulation of the 
ascending aorta. 

ECMO support significantly unloads the right 
ventricle but does not satisfactorily unload the 
left ventricle, although left ventricular preload is 
reduced by decreasing pulmonary venous return. In 
patients with severe left ventricular dysfunction, left 
ventricular distention and subsequent development 
of significant pulmonary hypertension may result 
in pulmonary hemorrhage. The use of an IABP 
may help to reduce left ventricular afterload dur- 
ing systole and improve myocardial contractility, 
in addition to providing pulsatile flow. The use of 
the IABP and inotropic therapy can maintain suf- 
ficient cardiac contractility to prevent ventricular 
distension and thrombus formation. If application 
of an IABP does not effectively relieve ventricular 
distension and pulmonary hypertension, an atrial 
septostomy can be performed to vent pulmo- 
nary venous return. 3637 Alternatively, a left-sided 
vent can be connected to the venous line of the 
ECMO circuit to relieve ventricular distention. 
It is important during ECMO support to maintain 
some degree of pulmonary blood flow to prevent 
thrombosis. It is important to continue ventilation 
of the lungs to maintain the oxygen saturation of 
the blood ejected from the left ventricle above 
90%. Poorly oxygenated blood ejected from the 
left ventricle will perfuse the coronary arteries and 
the cerebral circulation and may result in hypoxic 
injury to the heart and brain. 

To promote recovery of respiratory function, it is 
important to manage the patient utilizing low pres- 
sure and oxygen ventilator settings to avoid ventila- 
tor-induced injury, pressure-controlled ventilation, 


hemofiltration to dry weight, intermittent prone 
positioning, and nutritional support. Right atrial 
and left atrial pressures as well as pump flows 
are monitored, and mixed venous saturations are 
maintained above 75%, which is an accurate reflec- 
tion of the adequacy of systemic flows. A sudden 
decrease in venous drainage is usually manifested 
by chugging of the venous lines with wide respira- 
tory fluctuations and flow. Causes include hypo- 
volemia, kinking or malposition of the cannulae, 
pneumothorax, and pericardial tamponade. 

Numerous large clinical series have reported suc- 
cessful use of ECMO for cardiac and/or respiratory 
support in adult, pediatric, and neonatal patients. 
In the largest series reported to date, Bartlett and 
colleagues at the University of Michigan reported 
on the outcome of 1,000 patients supported with 
ECMO from 1980 through 1998. 34 Survival to 
hospital discharge was 88% for 586 cases of 
neonatal respiratory failure, 70% for 132 cases 
of respiratory failure in children, and 56% for 
146 cases of respiratory failure in adult patients. 
Venovenous ECMO was the preferred method of 
respiratory support since 1988. For patients with 
cardiac failure, 33% of adult patients (31 cases) 
and 48% of pediatric patients (105 cases) survived 
to hospital discharge. Survival in adult patients 
was improved by utilizing ECMO as a bridge to 
longer-term implantable devices in patients who 
did not demonstrate early recovery of myocardial 
function. 36 ' 37 Conversely, the availability of long- 
term implantable devices has extended the use of 
ECMO in situations where recovery of myocardial 
function is unlikely. 36-38 Smedira and colleagues 
reported on the clinical experience of 202 adult 
patients receiving ECMO for cardiac failure at 
the Cleveland Clinic. 39 Survival at 24 h, 30 days, 
and 1 year was 90%, 38%, and 29%, respectively. 
For patients alive at 30 days, survival at 5 years 
was 63%. Complications occurring during ECMO 
support were significant. Infectious complications 
occurred in 49% of patients. Forty percent of 
patients required dialysis, neurologic complications 
occurred in 33%, and limb complications occurred 
in 25%. Risk factors for death included older age, 
thoracic aortic operations, reoperations, decom- 
pensated heart failure, and nonuse of an IABP. 
Magovern and colleagues reported on the outcome 
of 92 adult patients following institution of ECMO 
support. 40 Twenty of 55 (36%) patients survived 
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to hospital discharge following ECMO support for 
postcardiotomy failure to wean. Twenty-three of 27 
(85%) patients survived ECMO support following 
percutaneous interventions in the catheterization 
laboratory while two of four (50%) survived ECMO 
for primary cardiac allograft failure. No patient (n = 6) 
survived ECMO support for cardiac resuscitation. 

7.5.3. Extracorporeal, Rotary Pump with 
Centrifugal Flow Design 

7.5.3.1. TandemHeart Percutaneous 
Ventricular Assist Device 

The TandemHeart Percutaneous Ventricular Assist 
Device (pVAD) (Cardiac Assist Technologies, Inc., 
Pittsburgh, PA) is a percutaneous left atrial to femoral 
artery VAD (Figures 7.5 and 7.6). The pump is a 
low speed, continuous flow, centrifugal pump that 
has a very low potential for hemolysis and throm- 
boembolism. It is a dual-chamber pump composed 
of an upper housing and a lower housing assembly. 
The upper housing provides a conduit for inflow 
and outflow of blood. The lower housing assembly 


provides communication with the controller, the 
means for rotating the impeller of the VAD, and an 
anticoagulation infusion line integral to the pump 
to provide a hydrodynamic bearing, cooling of the 
bearing, and local anticoagulation. The controller 
is a microprocessor-based electromechanical drive 
and infusion system that is designed to operate on 
AC current or on internal batteries. 

Implantation of the device is performed per- 
cutaneously through the right femoral vein 
(Figure 7.6). A standard Brockenbrough catheter 
is inserted into the superior vena cava and the 
interatrial septum is punctured in the fossa ovalis 
using a Ross needle. The Brockenbrough catheter 
is then exchanged for a stiff guide wire with a 
distal soft wire loop identical to the device used 
for mitral valvuloplasty by the Inoue method. The 
transseptal puncture site is then dilated to 2 IF 
with a 2-stage dilator followed by insertion of a 
venous inflow cannula, which is sutured to the 
skin of the thigh. An arterial perfusion catheter of 
14F-19F is inserted percutaneously into the right 
femoral artery or two arterial perfusion catheters 
of 12F into both femoral arteries. 



Figure 7.5. (A) TandemHeart pVAD centrifugal pump (CardiacAssist, Inc., Pittsburgh, PA). (B) Electrical control 
console for the TandemHeart pVAD centrifugal pump. 
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Figure 7.6. Schematic representation of the cannulation of the femoral artery and femoral vein with transeptal place- 
ment of the inflow catheter within the left atrium from the femoral vein. The TandemHeart pVAD is secured to the 
patient's right thigh. 


Thiele and colleagues reported on the use of the 
TandemHeart pVAD in 18 patients presenting with 
cardiogenic shock. 41 Mean duration of support was 
4+3 days. Following percutaneous placement 
of the device, mean cardiac index improved from 
1.7 + 0.3L/min/m 2 to 2.4 + 0.6L/min/m 2 . Mean 
device flow during support was 3.2 + 0.6L/min. 
Pulmonary wedge pressure decreased from 31 + 
8mmHg to 23 + 6mmHg. Survival at 30 days 
was 56%. The TandemHeart is currently complet- 
ing a multicenter, Phase II, FDA trial to examine 
effectiveness for patients presenting with acute 
cardiogenic shock. 

7.5.4. Extracorporeal, Rotary 
Pump with Axial Flow Design 

7.5.4.1. Impella VAD 

The Impella Recover® system (Impella Cardiosy stem 
AG, Germany) is a miniaturized impeller pump 
located within a catheter. The device can provide 
support for the left side of the heart using either the 
Recover LD 5.0 (implanted via direct placement into 


the left ventricle) or the Recover LP 5.0LV (placed 
percutaneously through the groin and positioned 
in the left ventricle) or the right side of the heart 
using the Recover RD (Figure 7.7). The microaxial 
pump of the Recover LD/LP 5.0 can pump up to 
4.5L/min at a speed of 33,000rpm. The pump is 
located at the distal end of a 9-Fr catheter. At its 
largest outside diameter, which contains the pump 
housing, the Impella Recover measures 21 Fr. The 
catheter shaft contains the electrical connections 
for the pump motor and sensor as well as for a 
separate tube used for transfer of purged fluid. 

In an early multicenter trial, Siegenthaler and 
colleagues reported on the outcomes of 24 patients 
treated with the Impella Recover system (16 in 
conjunction with IABP) compared to 198 historical 
controls treated with IABP support and matched 
for clinical acuity utilizing three risk assessment 
scales. 42 Mortality for Impella patients was 54% 
(13 out of 24), similar to that for high-risk IABP 
patients [Hausmann score > 2 (57%), intensive care 
unit score > 2 (51%), Texas Heart Institute score 
> 0.75 (55%), and cardiac index < 2.3 (45%)]. Pump 
flow was 3.3 + 0.7L/min at 28,000 + 4,500 rpm. 
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Figure 7.7. The Impella Recover System (Impella Cardiosystem AG, Germany). (A) A diagrammatic view of the 
microaxial impeller within the catheter of the Impella Recover System. (B) Diagrammatic view of the placement of 
the Impella Recover System across the aortic valve. 


Support time was 61 + 56 h (range, 7-228 h). Four 
devices required repositioning. One device failed 
(leaking purge line) and was removed. Hemolysis 
was minimal (LDH 540 + 260U/dl for Impella 
survivors). Importantly, Impella patients able to 
increase their cardiac output to 1 L/min or more 
above the pump flow of the Impella Recover had 
a 10% (1 out of 10) mortality, versus 88% (8 out 
of 9) in patients with a residual cardiac function 
of 1 L/min or less (p =.001). Meyns and col- 
leagues reported on 16 patients (6 percutaneously 
via the femoral artery and 10 directly through 
the aorta) undergoing support with the Impella 
Recover system. 43 Average pump flows were 4.24 
+ 0.28 L/min. Mean blood pressure before Impella 
support was 57.4 + 13mmHg, which increased to 
74.9 + 13mmHg after 6h and 80.6 + 17mmHg 
(p = 0.003) after 24 h. Cardiac output increased 
from 4.1 + 1.3 L/min to 5.5 + 1.3 L/min (p = 
0.003) and 5.9 + 1.9 L/min (p = 0.01) at 6 and 24h, 
respectively. Mean pulmonary wedge pressure 
decreased from 29 + lOmmHg to 17 + 5mmHg 
and 18 + 7mmHg (p = 0.04) at 6 and 24 h, respec- 
tively. Device-related complications included three 
sensor failures (no clinical action), one pump 
displacement (replacement), and six incidences 
of hemolysis (peak free plasma hemoglobin level 
> lOOmg/dl, no clinical action). Eleven patients 
(68%) were weaned and six (37%) survived to 
discharge. 


7.5.5. Extracorporeal, Pulsatile Devices 

7.5.5.1. Thoratec Ventricular Assist System 

The Thoratec Ventricular Assist System (VAS) 
(Thoratec Laboratories, Inc., Pleasanton, CA) is 
a paracorporeal, pneumatically powered, pulsatile 
system configured for univentricular or biventricular 
support that consists of a seamless polyurethane 
blood sac contained within a rigid polycarbonate 
housing 44,45 (Figure 7.8). An external drive console 
sends pressurized air to the pump, which compresses 
the blood sac and causes blood to be ejected. 
Bjork-Shiley concavo-convex tilting-disk valves 
within the inflow and outflow conduits ensure 
unidirectional blood flow. The device has a stroke 
volume of ~65 ml and a maximum output of 7 L/ 
min. For left ventricular support, the pump inflow 
cannula can be placed in the left ventricular apex 
or the left atrium, and the pump outflow conduit 
is anastomosed to the ascending aorta. For right 
ventricular support, a large-bore cannula is placed 
in the right atrium, and the outflow conduit is sewn 
to the main pulmonary artery. After the cannulae 
have been externalized subcostally, the inflow and 
outflow cannulas are connected to the pump(s), 
which reside externally on the anterior surface 
of the abdomen. During the support period, anti- 
coagulation with dextran, heparin, warfarin, and 
dipyridamole is required. Patients may be ambula- 
tory but their mobility is limited by the size of the 
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Figure 7.8. The Thoratec VA (Thoratec Laboratories, 
Inc., Pleasanton, CA). (A) Schematic representation 
of the cannulation sites for biventricular support. (B) 
Thoratec VAS extracorporeal pneumatic blood pump. 


drive console and the paracorporeal position of 
the pump(s). The Thoratec VAD can be operated 
in fixed-rate, volume, or synchronous mode. The 
FDA has approved the Thoratec VAS for use as a 
bridge to recovery and bridge to transplantation. 
It is currently the only extracorporeal system with 
approval as a bridge to heart transplantation. Thus, 
in situations where patients fail to recover myocar- 
dial function, the device can provide circulatory 
support until heart transplantation, if indicated. 
New system designs to the paracorporeal Thoratec 
VAS currently include a small, portable drive con- 
sole that enhances patient mobility and permits 
discharge from the hospital. 46 

McBride and colleagues reported on the out- 
comes of 1 1 1 patients supported with the Thoratec 
VAS for acute cardiac failure. 44 Survival at 1 year 
was -25% for 44 patients treated with the intent to 
recover. This compared to -58% 1-year survival 
for 67 patients treated with the intent to bridge to 
transplant. The duration of support ranged from 0. 1 
to 27 days (mean 4.5 days) in the recovery group 
and from 0.2 to 184 days (mean 40.7 days) in the 
bridge to transplantation group. Complications 
were significant in both groups. In 104 patients 
bridged to transplantation with the Thoratec VAS, 
El-Banayosy and colleagues reported a survival to 
transplant of 61%. 45 Approximately 50% of the 
patients required biventricular support and out- 
comes were worse for this group. Age, preimplant 
ventilator use, and higher preimplant total bilirubin 
were significant predictors of adverse outcome. 

7.5.5.2. Abiomed BVS 5000 

The Abiomed BVS 5000 (Abiomed, Inc., Danvers, 
MA) support system is an automated ventricu- 
lar support device intended to provide temporary uni- 
or biventricular support 7-9 ' 47,48 (Figure 7.9). The 
Abiomed BVS 5000 was the first FDA-approved 
device for short-term extracorporeal circulatory 
support as a bridge to recovery in cases of car- 
diogenic shock due to postcardiotomy failure to 
wean, acute myocarditis, and myocardial infarc- 
tion. Positioned externally, this pulsatile system 
simulates normal physiologic mechanical cardiac 
function. A microprocessor-based drive console 
is used to supply power to a disposable, pneu- 
matically driven two-chambered blood pump that 
supports one side of the heart. Left atrial blood 
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c 

Figure 7.9. A The pneumatic drive console and blood pumps for the Abiomed BVS 5000 biventricular assist 
device (Abiomed, Inc., Danvers, MA). B Schematic representation of the cannulation sites for biventricular sup- 
port and patient and device position for the Abiomed BVS 5000. (Reproduced with permission from Pagani and 
Aaronson. 49(pl516) ) C Photograph and schematic diagram of the Abiomed blood pumps. (Reproduced with permission 
from Pagani and Aaronson. 49(pl517) ). 


126 


F.D. Pagani 


inflow is returned to the ascending aorta and right 
atrial inflow is returned to the pulmonary artery. 
Transthoracic cannulae are used to connect the 
external system with the patient. Each blood pump 
consists of two Angioflex polyurethane atriov- 
entricular-like chambers. Trileaflet polyurethane 
valves are strategically positioned to separate (1) 
atrial and ventricular bladders and (2) ventricular 
bladders and outflow cannulae. One or two dispos- 
able blood pumps are operated by a single BVS 
console, which automatically adjusts beat rate and 
systolic/diastolic ratio based on compressed air 
flow into and out of the external system. The pump 
is placed at the bedside and blood drains from the 
patient's left or right atrium by gravity, without 
the use of vacuum pressure, into the top of the 
pump and returns to the patient's aorta or pulmo- 
nary artery from the bottom of the pump. Filling 
of the blood pump chambers can be regulated by 
adjusting the height of the blood pump relative 
to the patient's heart. The blood pump is a dual- 
chamber device that incorporates an atrial (filling) 
chamber and a ventricular (pumping) chamber. 
Unidirectional flow is ensured by two trileaflet 
polyurethane valves fabricated from Angioflex, a 
biomaterial. The durations of pump systole and 
diastole are calculated automatically by the micro- 
processor to optimize pump filling and maintain 
a stroke volume of 83 ml. The console drives and 
adjusts left and right sides independently of each 
other. System controls are essentially limited to 
"on" and "off." In addition to the traditional blood 
pumps and console, new blood pump designs and 
console, designated the AB5000, have recently 



Figure 7.10. Abiomed AB5000 blood pump design. 


been introduced and approved by the FDA for 
short-term circulatory support (Figure 7.10). 

In a 6-year experience from the Hahnemann 
University Hospital, Samuels and colleagues 
reported on the outcomes of 45 patients supported 
with the Abiomed BVS 5000. 9 - 48 Overall, 22 
(49%) patients weaned from support and 14 (31%) 
survived to hospital discharge. For patients who 
received optimal timing of insertion by estab- 
lishing a weaning algorithm, outcomes were 
improved, with 60% of patients weaning from 
device support and 43% surviving to hospital dis- 
charge (Figure 7.1 and Table 7.1). 

7.5.6. Implantable, Pulsatile 
Flow Devices 

7.5.6. 1. HeartMate XVE LVAD 

The HeartMate XVE LVAD (Thoratec Laboratories, 
Inc., Pleasanton, CA) is an implantable, pulsatile 
LVAD designed for long-term circulatory sup- 
port and is approved by the FDA as a bridge to 
heart transplantation and destination therapy 49-53 
(Figure 7.11). The unique feature of this device is 
that its blood-contacting surfaces of the pump are 
textured with sintered titanium spheres on the rigid 
surface and integrally textured polyurethane on the 
movable surfaces to encourage the deposition of 
circulating cells (Figure 7.1 1). The interior surfaces 
of this LVAD have been textured using sintered 
titanium microspheres on the rigid metallic sur- 
faces and integrally textured polyurethane on the 
movable diaphragm. This design feature permits a 
uniform autologous tissue lining to establish on all 
the blood-contacting surfaces of the pump, mini- 
mizing thrombus formation and bacterial coloniza- 
tion. The tightly adherent fibrin-cellular matrix, 
once mature, contains macrophages, mesenchymal 
cells, endothelial cells, and other blood compo- 
nents. This densely adherent neointima eliminates 
direct contact between the device and blood ele- 
ments, substantially reducing the risk of peripheral 
embolization. In addition to the unique surface 
design, the pusher plate of the pump moves the dia- 
phragm in a way that creates a wandering vortex in 
the blood chamber. This feature prevents stagnation 
of blood in any part of the chamber. The HeartMate 
blood pump consists of a flexible polyurethane 
diaphragm within a ridged outer titanium alloy 
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Figure 7. 1 1 . A The HeartMate XVE LVAD (Thoratec Laboratories, Inc., Pleasanton, CA). B The HeartMate XVE LVAD 
demonstrating the textured surfaces of the metal housing and diaphragm surfaces. The interior surfaces of this LVAD have 
been textured using sintered titanium microspheres on the rigid metallic surfaces and integrally textured polyurethane on 
the movable diaphragm. 



housing. The inflow and outflow conduits of the 
HeartMate device each contain a 25-mm porcine 
valve within a titanium cage to ensure unidirec- 
tional blood flow. The outflow conduit is extended 
by a 20-mm woven Dacron graft. With the XVE 
LVAS, diaphragm movement and blood ejection 
depend on an electric motor positioned below the 
diaphragm (Figure 7.12). The electric rotary motor 
within the titanium housing drives a cam up and 
down (translational movement) causing diaphragm 
movement. An external vent equalizes the air pres- 
sure and permits emergency pneumatic actuation 
in the event of electrical failure. The external sys- 
tem controller and batteries in the XVE LVAS are 
small and lightweight, allowing the patient nearly 
unlimited mobility. The drive line is covered with 
a polyester velour that promotes tissue bonding and 
anchoring to the skin and reduces the risk of infec- 
tion. The XVE LVAS is powered by two recharge- 
able batteries that provide 4-6 hours of charge and 
are usually worn in a shoulder holster, vest, or belt. 
The wearable electrical devices currently avail- 
able have external backup mechanisms to continue 
support without the need for reoperation in case 
of failure of the device. If the device should fail, 
the native heart is able to provide systemic support 
until the device can be examined. Because the elec- 
tronic control unit is outside the body, it can easily 
be repaired should failure of the software, chip, or 
electronics occur. Finally, if the motor device fails, 
the single-pusher-plate device can be pneumati- 


Figure 7.12. The HeartMate XVE LVAD demonstrating the 
internal rotary motor that drives the movable diaphragm. 

cally activated with a hand-held portable pump or 
with a pneumatic console. 

The maximum pump flow is 9.6L/min for the 
XVE LVAS. The HeartMate device can be operated 
either in a fixed-rate mode or, more often, in an 
automatic mode that more closely resembles normal 
physiologic conditions. In the automatic mode, the 
device ejects when the pump is 90% full or when it 
senses a decreased rate of filling. As the patient's 
activity increases, the pump fills faster and the rate 
(or stroke volume) automatically increases, resulting 
in an increase in pump output. With a decrease in 
activity, pump filling and output decrease. Because 
the aortic valve rarely opens when the heart is fully 
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supported by an LVAD, pump output is synonymous 
with cardiac output. During normal operation, the 
pump completely unloads the left ventricle and sup- 
ports cardiac output at physiological levels. Because 
of the portability and ease of operation of the 
HeartMate XVE LVAS, patients can be discharged 
to await heart transplantation outside the hospital. 

7.5.6.2. NovacorLVAS 

The Novacor LVAD (WorldHeart, Inc., Ottawa, 
Canada) is a portable, implantable LVAD designed 
for long-term circulatory support and is approved 
by the FDA for bridge to transplant indication 54-56 
(Figure 7.13). The Novacor is currently undergoing 
clinical investigation for destination indication in 
the RELIANT trial. The Novacor LVAD differs 
significantly from the HeartMate XVE LVAD in 
its mode of pump actuation and use of smooth 
blood-contacting surfaces. During pump systole, 
two opposing pusher plates compress a seamless 
polyurethane blood sac, causing ejection of blood. 
Unidirectional flow is ensured by use of 21 -mm 
bioprosthetic valved conduits at the inlet and outlet 
orifices. The device produces a maximum stroke 
volume of 70 ml and is monitored by an external 
drive console. An internal solenoid converts the 
electric energy from the console to mechanic 
energy, compressing the pusher plates and pressu- 
rizing the pump sac for blood ejection. A percutane- 
ous lead contains the necessary electrical wires and 
a vent to transfer air. In 1993, the Novacor LVAS 
was converted from a console-operated system into 



Figure 7.13. Novacor LVAD (WorldHeart, Inc., Ottawa, 
Canada). 


a wearable system to enhance patient mobility. The 
wearable system eliminates the need for a bulky 
console by incorporating a compact controller and 
rechargeable power packs that are worn on the 
patient's belt. The wearable system is designed 
for out-of-hospital use and can be monitored 
with a bedside monitor. The external controller 
provides power and allows control and monitor- 
ing of the pump. The system can be operated in 
either a fixed-rate, synchronous, or fill-to-empty 
mode. The synchronized mode maximizes cardiac 
unloading. In this mode, an electrocardiographic 
signal causes pump diastole to correspond with 
cardiac systole, allowing the heart to fill the pump 
with little effort. Alternatively, pump output may be 
maximized by means of the fill-to-empty mode in 
which the pumping rate is adjusted automatically 
depending on the filling rate of the pump. Third, 
the system may be operated in a fixed-rate mode 
in which the operator sets a constant pumping rate. 
During device use, anticoagulation with heparin 
and later with warfarin and antiplatelet therapy is 
necessary to prevent thromboembolism. During 
long-term support, ambulatory patients can be 
discharged and live outside the hospital while 
awaiting a suitable donor heart. 

7.5.6.3. Thoratec Implantable VAD 

The Thoratec implantable VAD (IVAD) (Thoratec 
Laboratories, Inc., Pleasanton, CA) is a small, sim- 
ple, and versatile IVAD based on the paracorporeal 
Thoratec VAS. It has recently been developed and 
approved for circulatory assist as a bridge to heart 
transplantation or recovery 57 (Figure 7.14). The 
IVAD has the same blood flow path and Thoralon 
polyurethane blood pumping sac as the paracor- 
poreal Thoratec VAS, but the housing is a smooth 
contoured, polished titanium alloy. The IVAD has 
a new sensor to detect when the pump is full and 
empty, and is controlled with the Thoratec TLC-II 
portable VAD driver, which is a small, briefcase- 
sized, battery-powered, pneumatic control unit. 
A small flexible (9-mm outer diameter) percutane- 
ous pneumatic driveline for each VAD is tunneled 
out of the body from the LVAD or right ventricular 
assist device (RVAD) in a pre- or intraperitoneal 
position. Small size and simplicity are the major 
advantages of the new device. The IVAD weight 
(339 g) and implanted volume (252 ml) are approx- 
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imately one-half that of the current implantable 
pulsatile electromechanical LVAD systems. 

7.5.7. Implantable, Rotary Pumps 
with Axial Flow Design 

There are currently three rotary pumps with axial 
flow design in clinical trials in the USA. These 
three devices share a common design that consists 
of an internal impeller supported by bearings at 
the inlet flow straightener and outlet diffuser. The 
movement of the impeller is achieved by an electric 
current and magnetic field induced by the motor 
stator (Figure 7.15). 

7.5.7.7. HeartMatell 

The HeartMate II LVAD (Thoratec Laboratories, 
Inc., Pleasanton, CA) is a small integrated pump- 
motor assembly that connects into the circulatory 
system through an apical cannula whose inlet 
orifice draws blood flow from the left ventricular 
apex, and an outflow cannula that is anastomosed 



Figure 7.14. Thoratec IVAD (Thoratec Laboratories, 
Inc., Pleasanton, CA). 


to the ascending aorta 58-60 (Figure 7.16). The 
pump consists of a 12-mm diameter straight 
duct and uses 14-mm diameter grafts for both 
the inlet and outlet cannulae. Upon entering the 
pump, blood passes through inlet stator vanes. 
After exiting the stator vanes, the blood flow is 
energized by the pump rotor that imparts tan- 
gential velocity and kinetic energy. Blood flow 
leaving the rotor then passes through a set of 
exit stator vanes that turn and diffuse the stream 
velocity, recovering kinetic energy in the proc- 
ess. The net action results in generation of a net 
pressure rise across the pump. Torque required 
to drive the pump rotor is developed by an inte- 
gral electric motor. The pump's 12-mm diameter 
duct is actually a thin-walled tube that passes 
through the bore of the motor's coil windings. 
The motor's rotor is a permanent magnet located 
in the hub of the pump's rotor. The location 
of the pump rotor in the tube places the motor 
magnet in the proper position with respect to the 
coils, which is at the centerline of the winding's 
axis, and centered longitudinally with respect 
to the coil's length. Excitation current sequen- 
tially commutated to the coils creates a spin- 
ning magnetic field, thereby imparting torque 
and angular velocity to the motor magnet. The 
pump rotor spins on two bearings located at 
either end. Both bearings react against radial and 
axial thrust forces. Each bearing's stationary ele- 
ment is located in the hub of the respective inlet 
and outlet stators; the bearings themselves are 
similar to standard ball-cup jewel bearings. The 
outer boundary of the bearing's adjacent static 
and moving surfaces is washed directly by the 
main blood flow. Under normal operation, inlet 
pressure to the axial flow pump will be cyclic 
and vary with the systolic-diastolic phases of 
the left ventricle. Pressures developed within the 
left ventricle during systole depend upon cardiac 
contractility and the overall flow demand of the 
patient. In the clinical situation of compromised 
cardiac contractility, with the pump operating at 
some nominal speed, systolic contractions of the 
heart will generate a pressure rise at the pump 
inlet, followed during diastole, by inlet pressures 
falling to its lowest level. This leads to a chang- 
ing differential pressure across the pump, which 
in turn causes a corresponding fluctuation of 
flow delivered to the aorta. Thus, under most cir- 
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Figure 7.15. Rotary pump with axial flow design. 
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Figure 7.16. A HeartMate II LVAD (Thoratec Laboratories, Inc., Pleasanton, CA). B Jarvik 2000 LVAD (Jarvik 
Heart, Inc., New York, NY). C DeBakey LVAD (MicroMed, Inc., Houston, TX). 
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cumstances, the rotary pump will generate some 
pulsatility. Totally nonpulsatile flow would occur 
if the heart is in fibrillation, a state that cannot be 
tolerated chronically, or if the pump is operated 
at too high a speed or negative inflow pressure 
causing left ventricular collapse. The HeartMate 
II is currently in human testing. 

7.5.7.2. Jarvik2000 

The Jarvik 2000 LVAD (Jarvik Heart, Inc., New 
York, NY) is a compact axial flow impeller pump 61- 
65 (Figure 7.16). The outflow orifice of the pump 
is attached to a Dacron graft for anastomosis to the 
descending thoracic aorta. The Jarvik 2000 pump is 
inserted through a sewing cuff sewn into the apex 
of the left ventricle. The current adult version of 
the Jarvik 2000 measures 2.5 cm in diameter by 
5.5cm in length, with a weight of 85 g and a dis- 
placement volume of 25 ml. The pediatric iteration 
of the device measures 1.4 cm in diameter by 5 cm 
in length, with a weight of 18g and a displacement 
volume of 5 ml. The pump rotor contains the perma- 
nent magnet of a brushless direct current motor and 
mounts the impeller blades. A titanium shell accom- 
modates the rotor and suspends it at each end by 
tiny, blood-immersed ceramic bearings. The adult 
pump functions at speeds of 8,000-12,000rpm, 
achieving blood flow up to 8L/min. The pediatric 
version of the Jarvik 2000 achieves pump flows of 
up to 3L/min. Noise and hemolysis are minimal 
with each device. Percutaneous power is delivered 
from external batteries via a controller unit. Internal 
electrical wires are brought via the left pleural cav- 
ity to the apex of the chest and then subcutaneously 
across the neck to the base of the skull, where a per- 
cutaneous titanium pedestal transmits fine electrical 
wires through the skin of the scalp. The Jarvik 2000 
LVAD is currently in human trials. 

7.5.7.3. DeBakeyLVAD 

The DeBakey LVAD is an axial flow pump that 
measures ~86mm long and 25 mm wide (about the 
size of an A A battery) 66-70 (Figure 7.16). It weighs 
95 g and has a displacement of 15 cm 3 . Within the 
flow tube, the components consist of an inducer- 
impeller (the only moving part), a fixed flow 
straightener that acts as the front-bearing support 
for the inducer-impeller, and a fixed rear diffuser 
that provides the rear bearing of the inducer-impeller. 


The diffuser retards the highly tangential blood 
flow velocity by redirecting it axially, an action that 
results in fluid pressure build. Rare earth magnets, 
which are embedded in the blades of the impeller, 
act as the rotor of the brushless motor, causing it 
to spin in a magnetic field. The pump is designed 
to produce flows of 5L/min against 100-mmHg 
pressure with a rotor speed of 1 0,000 rpm with 
less than 10 W of power. Extensive computational 
fluid dynamics analyses were performed jointly 
with NASA- Ames Research Center to optimize the 
hydraulic performance and minimize hemolysis of 
the pump. The DeBakey LVAD is currently under 
investigation in human trials. 

7.6. Total Artificial Hearts 

7.6.1. CardioWest C-70 
Total Artificial Heart 

The CardioWest C-70 total artificial heart 
(SynCardia Systems, Inc., Tucson, AZ) is a pul- 
satile biventricular cardiac replacement system 
recently approved by the FDA as a bridge to 
heart transplantation 71-74 (Figure 7.17). The rigid 
polyurethane pump contains a smooth, flexible 
polyurethane diaphragm that separates the blood 
and air chambers. Two Medtronic-Hall mechanical 
valves located at the inflow and outflow orifices 
provide unidirectional blood flow. Compressed 
air from the external drive console moves the 
diaphragm upward causing ejection of blood. The 
pump has a maximum stroke volume of 70 ml and 
a maximum flow rate of 15L/min, although the 
average flow rate is <8 L/min. Pump rate, duration 
of systole, and driving pressure can be adjusted to 
achieve optimal flow conditions. The total artifi- 
cial heart is surgically implanted in the mediasti- 
nal space after the ventricles have been excised, 
while the atrial cuffs are retained. The pneumatic 
drivelines are externalized percutaneously and 
attached to the drive console. Anticoagulation 
with dipyridamole, heparin, and warfarin is neces- 
sary to prevent thrombus formation. Patients may 
be ambulatory, but their mobility is frequently 
restricted by the large drive console. In a recent 
study, Copeland and colleagues reported a 79% 
survival to heart transplantation compared to 46% 
for the observational arm. One-year posttransplant 
survival was 86%. 
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7.7. Summary 


Key points to Remember 


There are currently several safe and effective 
options to provide temporary circulatory support 
for patients presenting with cardiogenic shock or 
refractory heart failure. Newer device designs are 
currently being developed that will increase the 
options available to our patients. Because of the 
technological advancements, it will be difficult to 
predict what devices will ultimately prove to be 
the most efficacious. It is likely that a variety of 
devices will be necessary, depending on clinical 
circumstances and patient characteristics. Using 
ECMO or ECLS as an initial bridge or screen 
before longer support is instituted works well. 
Bridging to recovery is relatively uncommon, com- 
pared to bridging to transplantation. 


Mechanical circulatory support of critically 
ill patients is highly effective and reasonably 
safe in the setting of cardiogenic shock or 
refractory heart failure. 
Bridging with mechanical devices to recovery 
of cardiac function is relatively uncommon, 
but may occur in select circumstances. 
ECMO or ECLS may act as a good screen of 
temporary support before deciding if patients 
are suitable for longer term support. 
Recent improvements in technology have 
resulted in a wide array of exciting devices 
that show great promise in terms of efficacy 
and longevity in mechanical support of the 
failing heart. 
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Left Ventricular Reconstruction 
in Ischemic Cardiomyopathy 

Salim Aziz, Constantine Athanasuleas, and Jai Raman 


8.1. Introduction 

Repair of left ventricular aneurysms was reported 
as early as the late 1950s by Likoff and Bailey (1). 
Cooley reported on the success of linear closure of 
these aneurysms (2). 

Josephson and Harken described blind endo- 
cardial resection for VT with poor functional 
results (3). Gorlin was among the first to show 
that the ventricular wall after myocardial inf- 
arct could be akinetic or dyskinetic (4). Dor and 
co-workers described a technique (5) which is 
illustrated in Figure 8.1 to close the left ventricle 
reorganizing a neo left ventricular apex, in an 
attempt to recreate the normal conical shape in 
1985. Jatene also described a plication technique 
in the same year using an external circular set 
of sutures (6). However, it was Batista's bold 
experiments in dilated cardiomyopathy with 
heart failure and very public presentations of his 
"successes" that made people in the heart failure 
arena consider left ventricular reconstruction 
seriously (7). 

Despite all this intuitive work on preserving left 
ventricular geometry, there was little interest in 
adopting these techniques into widespread clinical 
practice. 

The 1980s were marked by two important steps 
in the knowledge of evolution and prevalence of 
ischemic failing ventricles: 

1 . The mechanism of progressive ventricular dila- 
tation following transmural myocardial inf- 
arction, also known as remodelling, was well 
analysed and characterized (8). The role of 


neurohormonal activation was established and 
this helped to provide therapeutic targets (9). 
Ischemic remodelling leads to progressive ven- 
tricular dilatation which then sets in motion the 
cascade of heart failure (10). 
2. Aggressive treatment of acute myocardial inf- 
arction, by revascularization of the occluded 
artery, has resulted in improved the survival rates. 
However, even after successful re-canalization, 
the left ventricular wall of survivors, remains 
affected by scar in 80-100% of cases; the infarct 
size varying from 6 to 60% of the ventricular sur- 
face area as indicated by Christian et al. (11). 

Various imaging modalities such as cardiac mag- 
netic resonance (CMR) developed as accurate, 
reliable and reproducible tools (12) to assess both 
anatomy and performance of the ventricles after 
infarction. Use of contrast MRI further enhanced 
the utility of this imaging modality (13). 

More recently, three-dimensional echocardiogra- 
phy and volume rendered images with multi-detec- 
tor CT scanning have shown particular promise in 
this arena. 

8.2. Fate of the Left Ventricle After 
Infarction 

Gorlin in 1967 observed that: "when 20% to 25% 
of LV area is asynergic, contraction of the myofib- 
ers to maintain stroke volume exceeds pathophysi- 
ological limits and cardiac enlargement (by the 
Frank-Starling mechanism) must ensue to maintain 
cardiac output". 
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Figure 8.1 Schematic of the principles of left ventricular 
reconstruction (as proposed by Dor in 1985) 


"There are two types of asynergy seen as consequence 
of ventricular aneurysms: regional akinesis (total lack 
of wall motion), and regional dyskinesis (paradoxical 
systolic expansive wall motion". 

In spite of revascularization of the culprit artery 
altering the immediate prognosis, the left ventricu- 
lar wall may remain diseased (14). 

8.2.1. Evolution of the Infarcted Area 

The infarcted wall undergoes changes that start 
with necrosis, progress to fibrosis and, eventually 
to calcification 

1. The typical left ventricular aneurysm is charac- 
terized by a transmural infarct (Figure 8.2). 

2. The use of thrombolysis and/or revasculariza- 
tion in the acute phase may prevent transmu- 
ral necrosis (Figure 8.2b). Ventricular muscle 
adjacent to the epicardial artery is salvaged by 
re-canalization, but the subendocardial muscle is 
necrotic, as described by Bogaert in 1997 (14). 
The resultant ventricular wall may have viable 
myocardium which maybe evident at surgery (or 
during Thallium test) surrounding an akinetic, 
necrotic zone. The scarred asynergic ventricular 
wall may result in dyskinesia or akinesia. In both 
morphologies, it is important to know the extent 
of ventricular wall that is abnormal, since this 
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determines the indications and prognosis of sur- 
gical intervention. 
3. Location: The ante ro- apical and septal regions 
are most commonly involved in anterior infarc- 
tions caused by left anterior descending artery 
occlusion. Involvement of the septum is difficult 
to assess on ventriculography. The septum is 
best assessed by biplane angiography, echocar- 
diography or cardiac MRI. 



Figure 8.2 Anteroseptal infarcts with extensive apical 
and septal involvement (a), Anterior infarct with pre- 
dominantly septal involvement (b). Note adjacent mural 
thrombus formation 
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4. The extent of asynery or abnormality gov- 
erns the prognosis of the left ventricle after 
infarction. This can be assessed by a variety 
of imaging techniques. Traditionally angiog- 
raphy using the centerline method in the right 
oblique projection has been used. However, 
increasingly, other techniques such as contrast 
echocardiography, radionuclide ventriculog- 
raphy, multi-slice CT Scan, cardiac magnetic 
resonance (MRI), provide more information. 
Analysing the LV wall and the presence of 
a necrotic scar is very important. The extent 
of asynergy can be expressed as the ratio 
between the length of necrotic wall and the 
total length of the LV circumference. The pro- 
gression towards severe heart failure is likely 
when this ratio reaches 50%. 

8.2.2. Fate of the Non-Infarcted 
Myocardium 

While normal at first, the undamaged myocar- 
dium undergoes hypertrophy to compensate for 
the lack of contractility of the necrotic wall, and 
finally dilates by a combination of mechanical 
forces and neurohormonal signalling. The Frank- 
Starling mechanism explains the early dilatation 
that temporarily improves the cardiac output and 
function. Laplace's Law described increased wall 
stress and this is the fundamental reason behind 
the deleterious effects on myocardial contractil- 
ity due to increased wall tension. Left ventricular 
remodelling is the term used to describe the pro- 
gressive dilatation of the heart, and is based on a 
set of complex inflammatory and neurohormonal 
processes. Gaudron suggested that the culmination 
of this process is progressive dilatation of the non- 
infarcted area with an ensuing spherical shape and 
akinesia, which occurs, in 20% of patients treated 
for myocardial infarction (15). 

Harvey White was an early proponent of using 
left ventricular volume as a sensitive marker 
of post-infarction ventricular dysfunction (16). 
Yamaguchi used left ventricular end-systolic vol- 
ume as an important predictor for prognosis after 
surgical repair (17). Doubling of indices can be 
considered markers of severe dilatation (normal 
values are 25-30 ml/m 2 for end-systolic volume 
index (ESVI) and 50/60 ml/m 2 for end-diastolic 
volume index (EDVI). 


8.3. Who Should be Considered 
for Surgical Ventricular Restoration 
(SVR) or Left Ventricular 
Reconstruction (LVR)? 

Currently SVR is largely established for patients 
with ischemic cardiomyopathy after myocardial 
infarction, although some have advocated a variant 
of the technique for patients with idiopathic dilated 
cardiomyopathy. 

Presently the "ideal" patient should have a 
dilated ventricle and NYHA class III to IV heart 
failure symptoms following infarction. As for 
patients with LV aneurysms, totally asympto- 
matic patients should not be considered. The 
S VR/LVR is advocated for patients with a prior left 
anterior descending artery territory infarct (anterior 
wall, septum region). Patients with both LAD and 
circumflex artery occlusions may not be suitable 
candidates. The infarcted segment can either be 
akinetic or dyskinetic. 

The timing of surgery is also important. Conven- 
tional wisdom states that six weeks following infarc- 
tion should elapse before SVR is considered. There 
is, however, one small series of seven patients that 
underwent surgery soon after a large anterior infarc- 
tion with encouraging results (18). Anecdoctal cases 
have been performed in the early post-infaction 
period (2-14 days), particularly in the setting of low 
cardiac output as salvage therapy. 

8.4. Preparation for Surgery 

1. P re-operative preparation: Patients that have 
been inpatients in cardiology for recurrent epi- 
sodes of CHF and titration of medical therapy, 
often need tuning up. A variety of tests may be 
of benefit: 

(a) Measurement of pulmonary arterial pressure 
(PAP) by right heart catheterisation and the 
response to vasodilator therapy, and/or oxygen 
administration helps in stratifying patients. 

(b) Detailed echocardiographic assessment includ- 
ing three-dimensional echocardiography is of 
great benefit. Mitral regurgitation has to be 
assessed by pre-operative echocardiography or 
trans-esophageal echocardiography if necessary. 
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(c) The extent of the scar and its location are 
important in planning the operation. Establishing 
viability of the remote non-infarcted segments 
is crucial because often there are regional wall 
motion abnormalities in these areas. Gadolinium 
enhanced magnetic resonance imaging is a good 
test of viability. Segments that are hypokinetic 
predictably improve if there is no hyperenhance- 
ment. If MRA is contraindicated due to implanta- 
tion of a defibrillator or pacemaker, multi slice 
CT scan or 3-D echocardiography may be used. 
However, these tests may only assess contractility 
of the remote segments. 

(d) A coronary angiogram is mandatory to deline- 
ate the coronary anatomy. 

2. Pre-operative medical treatment is continued 
except for cessation of anti-platelet and anti- 
coagulant therapy. The intra-aortic balloon 
pump (IABP) should be used whenever there is 
hemodynamic compromise, such as evolving inf- 
arction without remission, CHF not improved 
by medical therapy, patients with a mechani- 
cal complication of myocardial infarction, or 
incipient renal failure. Some have found it use- 
ful in all SVR procedures as adjuvant therapy. 

3. Specific operative procedures: A femoral arte- 
rial line is inserted for monitoring purposes and 
to allow quick access for insertion of a balloon 



pump if required. The patient is prepared for 
saphenous vein harvest if required. Cannulation 
for cardiopulmonary bypass is routine, utilizing 
an aortic cannula and a dual stage right atrial 
cannula. Monitoring includes arterial line, central 
venous pressure and Swan Ganz catheter. Trans- 
esophageal echocardiography is used routinely. 

For the management of cardiopulmonary bypass, 
we minimize crystalloid use. Retrograde autolo- 
gous priming of the circuit helps remove the 
crystalloid that is added to prime the circuit. 
Hemofiltration during bypass in helpful in reduc- 
ing myocardial oedema. 

8.4.1. Left Ventricular Reconstruction 
(LVR) 

Sequence of surgical steps may depend on the acu- 
ity of the patient, the extent of ischemia, presence or 
absence of left ventricular thrombus, etc. (Figure 8.3). 

1. The repair may be conducted utilizing the 
open-beating or cardioplegic arrest methods of 
myocardial protection. 

Figure 8.4 shows implant of an endoventricular patch. 

2. Grafting all coronary arteries with meticulous 
myocardial protective strategies is important. 



Figure 8.3 Steps of surgery for left ventricular reconstruction (LVR) a The antero septo apical aneurysm with mural thrombi: 
the dilatation also affects the non-scarred myocardium on septum (S) and lateral wall (L). b Intra-operative photograph 
showing dimpling of Left ventricular scar with use of vent, c Coronary revascularization accomplished first on arrested heart. 


Figure 8.3 (continued) d The continuous purse-string 
suture at the limit between fibrous and normal myocardium 
(Fontan 'Trick"), e Possible endocardectomy if needed, f 
The suture is tied on a rubber balloon inflated to 50 mm 
per square meter of the body surface area (normal diastolic 
volume). The shortening of the SL length illustrates the reor- 
ganization of the curvature, g The Dacron patch anchored 
on the suture. The right ventricle apex projects beyond the 
new LV apex 
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Figure 8.4 Completed patch implant Figure 8.5 Completed mitral valve repair. Note vein 

graft to inferior to a branch of the RCA and trans-septal 
approach to mitral valve 


Retrograde cardioplegia preserves septal con- 
tractility as is crucial in preventing low output 
states post-operatively. Particular care is taken 
to revascularize the LAD, or diagonal if pos- 
sible, thereby increasing septal blood flow. 

What is the best resultant shape/volume of the 
operated left ventricle? What sort of patch should 
be used? These are interesting questions that are yet 
to be resolved conclusively. Although some authors 
have suggested that the LV can be "tailored" with- 
out a patch, this can be difficult, especially for 
the novice surgeon. This technique promoted by 
McCarthy is described in the next chapter. The size 
of the patch and the stiffness of the patch also may 
have a bearing on the outcome long-term, and these 
matters are addressed in the next chapter. 

Management of Associated Mitral Regurgitation: 
Mitral regurgitation is found often in these patients, 
either due to the nature of the remodelling or due 
to involvement of the infero-basal wall of the left 
ventricle. Our personal preference to correct any 
degree of mitral regurgitation that is greater than 
moderate or 2+. Typically, this is done by utiliz- 
ing a flexible posterior band or a remodelling 
annuloplasty ring. At times a simple Alferi stitch 
maybe resorted to as well. The mitral valve can be 
accessed and repaired through the ventriculotomy 
or via a separate incision in the left atrium or a 
trans-septal approach. The limitation of the ven- 
tricular approach is that access to the valve may 
be suitable only in very large scars that are more 
apico-septal in orientation. 


Figure 8.5 shows a completed mitral valve repair in 
a patient undergoing left ventricular reconstruction. 

1 . The LVR technique: Dor reported the technique 
of endoventricular patch patch plasty in 1989 
(19). In this classic technique, the ventricular 
wall is opened at the centre of the scarred area, 
which often appears as a dimpled area once a 
left ventricular vent is placed after aortic cross 
clamping (Figure 8.3b). Any clots present are 
removed. It is important to note that some 
fragmented and friable small clots may not be 
seen on trans-esophageal or epicardial echocar- 
diography, especially if the thrombus is non- 
homogenous or small. The endocardial scar is 
dissected and re-sected if the scar is calcified 
(Figure 8.3e) or if there is evidence of ven- 
tricular tachycardia (VT). Ablative treatment 
at the edge of scar usually at the borderzone, 
with radio-frequency energy or cyoablation is a 
short adjunctive procedure shown to limit post- 
operative dysrhythmias. 

The reconstruction of the left ventricular cavity is 
started using a continuous suture 2-0 monofila- 
ment purse-string suture (Figure 8.3d) with bites 
going into the muscle at the borderzone (the junc- 
tion between the scar and normal myocardium). 
Typically, this suture is run as a continuous purse- 
string suture is tightened over a rubber balloon 
inflated within the cavity at the theoretical diastolic 
left ventricular volume (50-60 ml/m 2 of BSA). 
This technique was introduced to avoid making the 


8. Left Venricular Reconstruction in Ischemic Cardiomyopathy 


143 


residual cavity too small (20). This is a good guide 
to surgeons with limited experience. The endoven- 
tricular circular suture is also known as the "Fontan 
stitch" (Figure 8.3d) and helps optimize orientation 
of the patch while selecting its shape and size. 

The septum and apex are more involved than the 
lateral wall in the antero-septo-apical type of scar- 
ring. In these cases, the suture, thus placed deeply 
in the septum, totally excludes the apex and the 
posterior wall below the base of the posterior papil- 
lary muscle, and only a small portion of lateral wall 
above the base of the antero-lateral papillary muscle. 
Therefore, the orientation of this new neck (and of 
the patch) roughly follows the axis of the septum. 

Dor described the use of a Dacron patch that is 
sutured to the Fontan Stitch. The excluded, redun- 
dant bits of scar are then sutured over the patch to 
aide in haemostasis. The traditional Dacron patch is 
quite stiff, and various modifications of the technique 
include use of Gortex, bovine pericardium or no patch 
at all. These are described in subsequent chapters. 

2. Wean offCPB: Typically, weaning from bypass 
is slow and gentle to allow complete recov- 
ery of both ventricles. Frequent use of ante- 
grade and retrograde blood cardioplegia every 
8-10min helps preserve biventricular function 
and allows quicker recovery of the heart. Our 
choice of inotrope typically involves milrinone 
and dobutamine. Often, norepinephrine and/or 
vasopressin are required as an adjunct to coun- 
ter the hypotension that is seen due to the effect 
of milrinone. Liberal use of the balloon pump 
has been found to be very useful. Prophylactic 
atrial and ventricular pacing wires are used to 
ensure a regular rhythm. If there is a history 
of atrial fibrillation or ventricular arrhythmia, 
prophylactic use of amiodarone helps reduce 
the risk of lethal arrhythmias. 

3. Specific modifications: 

Figure 8.6 shows the left ventricle in longitudinal 
section with mural thrombus along the septum and 
antero-apical wall. 

(a) Changes based on alterations of the ventricular 
wall 

• Autologous tissue has been used for the patch: 
either a semicircle of the fibrous endocardial 
scar mobilized with a septal hinge if this scar is 
strong, or autologous pericardium. 



Figure 8.6 The left ventricle in longitudinal section 
with mural thrombus along the septum and antero- 
apical wall 

Figure 8.7a, b show a septal hinge being used to 
patch the defect. 

• When the tissues are soft and necrotic, during 
the repair of an acute mechanical complication 
of myocardial infarction (exclusion of septal rup- 
ture or treatment of free wall fissures), the patch 
has to be inserted into healthy tissue by deep 
stitches reinforced with Teflon pledgets. The 
patch is anchored above the septal rupture which 
is excluded from the LV cavity. 

Figures 8.7c, d show a septal infarct that has been 
excluded with a pledgetted plicating suture and 
subsequent implantation of a patch to exclude the 
septal infarct. 

(b) Amount of Scar Exclusion: In cases of a large 
amount of asynergy (above 50% of LV cavity) 
surgery is accomplished with some modifications. 
These patients typically are in Class III or IV 
heart failure and on inotropes. Mean pulmonary 
artery pressure is often above 25 mmHg, ejection 
fraction (EF) below 30%, EDVI above 150ml/m 2 , 
and ESVI above 60ml/m 2 . Ventricular tachycar- 
dia may be present in nearly 50% of cases and 
this should preferably be addressed by ablative 
strategies and/or endocardectomy. Mitral insuffi- 
ciency has to be repaired in the majority of cases. 
Mitral valve repair in this instance is performed as 
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Figure 8.7 Particular cases of endoventricular patch reconstruction, a Utilization of the septal scar as an autologous patch. 
A semicircular portion of the scar mobilized from the septum with a septal hinge is sutured on contractile muscle inside the 
left ventricle, b Septal Involvement after opening up the left ventricular scar c Operative photograph of septal infarct and scar 
d Septal Involvement. The patch is anchored above the septal repair, which is excluded from the left ventricular cavity 


a remodelling annuloplasty, with Boiling and his 
followers advocating rigid, shaped rings. David 
and his group have shown good results with flex- 
ible posterior bands. If the presentation is acute or 
if there is difficulty in repairing the valve, a valve 
replacement with chordal preservation should be 
considered. Theoretically, the exclusion of all 
scarred areas may lead to a very small LV cavity 
with a high risk of immediate or delayed diastolic 
dysfunction. The Fontan stitch is placed slightly 
beyond the edge of healthy muscle at the transi- 
tional area. The use of a mandril or balloon inside 
the LV, inflated at the theoretical diastolic volume 
of the patient is a useful guide to optimize tension 
on the suture. The patch can be slightly more 
redundant (3 to 4 cm in diameter) than in the usual 
technique. 


If the septum cannot be excluded easily, the redun- 
dant septum can be plicated or imbricated separately 
or at the edge of the patch as described by Jatene. 

(c) Inferior and posterior scars: An oblong or triangu- 
lar patch, with its base aligned along the posterior 
or postero-lateral mitral annulus and its apex 
close to the base of the posterior or antero-lateral 
papillary muscle is the typical orientation. This 
allows the reconstruction to follow a geometric 
pattern restoring shape to normal. If the posterior 
papillary muscle is totally involved in the resected 
scar, the mitral valve can be replaced by a pros- 
thesis, implanted through the ventriculotomy. 

Figure 8.8a-c show repair of a postero-inferior scar 
with replacement of the mitral valve and implant of 
a triangular patch. 



Figure 8.8 a A: LVR for posterior aneurysm: positioned for posterior incision and endocardectomy b Triangular 
patch closure of the posterior left ventricular scar, c Mitral valve replacement through a posterior scar. 
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8.4.1.1. Early Results 

Early results with simple linear closure were vari- 
able and often suboptimal. 

8.4.1.1.1. Operative Risk and Hospital Mortality 

Left ventricular reconstruction is a complex pro- 
cedure performed on patients with significantly 
impaired ventricular function and is frequently 
associated with an operative mortality risk of about 
7% (Table 8.1). The risk profile is dependant on 
the extent of scarring, the degree of heart failure, 
the amount of remaining normal ventricle, the 
presence of arrhythmias and the amount of mitral 
regurgitation. Hospital mortality can be stratified 
into three categories: 

1. Very severely depressed EF < 30%: mortality of 
12-15%. 

2. EF of 30-40%: mortality of 7% 

3. EF > 40%: mortality of 1.3% 

8.4.1.1.2. LVR Outcomes (Restore Group) 

Dor's contributions inspired a multinational study 
of ventricular restoration. A collaborative group of 
cardiologists and cardiac surgeons (the RESTORE 
Group) from four continents (US, Europe, Asia, 
South America) applied SVR in 1198 patients 
between 1998 and 2003 (21). Patients were included 
in the registry if SVR was performed with the fol- 
lowing criteria: prior anterior myocardial infarc- 
tion, significant ventricular dilation (LVESVI > 
60ml/m 2 ), and a regional asynergic (non-contractile) 
area of >35%. SVR was most often done as a con- 
comitant procedure: 90% received coronary bypass 
grafting and mitral valve repair was required in 
about 20%. 

In the RESTORE registry, 86% of patients had 
NYHA class III/IV symptoms of CHF preop- 
eratively. Such patients have a high mortality with 
medical therapy, or with surgical revascularization 
without left ventricular restoration, where late 


deaths are attributable to CHF. Echocardiography, 
ventriculography or magnetic resonance angiography 
(MRA) was used to confirm the asynergic area and 
calculate the ejection fraction (EF). LVESVI was 
determined by ventriculography or MRA. 

Hospital mortality after SVR was 5.3%, and 
increased as preoperative ventricular volume rose: 
2.3% if LVESVI was <60ml/m 2 , 5.7% if LVESVI 
was 60-90 ml/m 2 , 8.1% if LVESVI was 90-120 ml/ 
m 2 and 8.4% if LVESVI was >120ml/m 2 . These 
findings are comparable to recently reported mor- 
tality rates (5.5-11%) in ischemic patients with 
left ventricular dysfunction (EF <35%) undergoing 
coronary artery bypass grafting alone. The addition 
of mitral valve repair influenced early outcome. 
Hospital mortality was 8.7% with mitral repair ver- 
sus 4.0% without repair (p<0.001). Perioperative 
mechanical support with intra-aortic balloon pump- 
ing was uncommon (< 9%). Global systolic function 
improved post-operatively as EF increased from 
29.6%+ 11.0% preoperatively to 39.5% + 12.3% 
post-operatively (p< 0.001). LVESVI decreased 
from 80.4 + 5 1.4 ml/m 2 pre-operatively to 56.6 + 
34.3 ml/m 2 post-operatively (p<0.001). 

The overall 5-year probability of survival after 
SVR was 68.6% + 2.8% and confirms Dor's exten- 
sive experience and is unprecedented in the treat- 
ment of advanced ischemic cardiomyopathy. The 
multivariate analysis of SVR demonstrated that major 
risk factors were age, pre-operative EF, LVESVI, 
and NYHA functional class. 

The RESTORE data further emphasized the 
importance of measuring LVEVI as a surrogate 
marker of left ventricular function. EF and LVESVI 
are not directly related, as there is a wide variation 
in volume for a given EF. Patients with pre-opera- 
tive LVESVI < 80 ml/m 2 had long-term survival of 
79.4% + 3.3% as compared to 67.2% + 3.2% for 
those with larger hearts. Pre-operative NYHA func- 
tional class was also predictive of outcome with 
decreased 5-year survival in patients with pre-operative 
class IV symptoms (49.7% + 5.8% vs 69.9% + 4.7% 


Table 8. 1 Neurohormonal response to LVR in ischemic CM a 

EF(%) EDVI (ml/m 2 ) NYHA NE (pg/ml) PRA < m|i > g/l/h A-II (ng/ml) 0BNP (pg/ml) 

Pre-operative 23.9 140 2.9 562 5.75 41 771 

First Year 36 90 2 319 3.45 23 266 


NE norepinephrine, PA plasma rennin activity, A-II angiotensin II, BNP brain natriuretic peptide 
■'Shenket al. (26) 
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in class III). These predictors of long-term outcome 
after SVR are similar to those previously reported. 
A small number of patients (9%) in functional Class 
I underwent SVR as an adjunct to CABG because 
ventricular dilation (LVESVI > 60ml/m 2 ) has been 
shown to be a precursor of late development of CHF 
and early death. 

1 . Cardiac morphology and performance: 

(a) The most striking findings on imaging are the rela- 
tive normalcy of ventricular shape and func- 
tion post-operatively. If a localized scar is 
effectively excluded with restoration of normal 
shape, the heart failure symptoms are dramati- 
cally ameliorated. 

(b) Improvement in systolic function: Often, the mean 
increase in ejection fraction early after recon- 
struction is between 10 to 20%. Improvement 
is similar for dyskinetic as well as akinetic 
lesions (22). 

(c) Improvement in diastolic function: The peak 
filling pressures and filling pressures in the left 
atrium as surrogate markers of left ventricular 
diastolic function are relatively normal a few 
months after operation. 

(d) Efficiency: The elimination of the dead space 
of the scar helps improve the efficiency of ven- 
tricular contraction by: 

• Elimination of the asynergic scar. 

• Restoration of the curvature of the ventricular 
wall: Analysis of pressure -volume curves has 
shown reduction in wall stress (23). 

• Mechanical synchrony is restored. 

8.4.1.2. Intermediate and Long-Term Results 

1. Despite acceptable early morbidity and mortal- 
ity, the intermediate and long-term results are 
not uniform. They are based on a variety of 
comorbidities and factors. Late mitral regurgita- 
tion has been noted to recur in some series (24). 
We could speculate that this might be related to 
the stiffness and size of the patch. This may also 
occur in very large ventricles where there has 
been a delay of more than 40 months between 
infarction and surgical repair. Progression in 
remodelling may depend on mechanical causes 
or neuro-hormonal activation (25). Continued 
medical therapy with diuretics, vasodilators, 


beta-blockers and ACE inhibitors are vital in 
ensuring good long term outcomes. 

2. Improved left ventricular function and dimen- 
sions: Our experience along with those of 
others, have shown that there is reverse remod- 
elling of the reconstructed left ventricle over a 
period of weeks and months. There is a steady 
improvement in functional status and exercise 
tolerance in the majority of patients. However, 
there is a small group of patients where the 
results may be mediocre, with functional status 
remaining static or with some deterioration. 
These are usually patients with diastolic dysfunc- 
tion or a significant amount of myocardial fibro- 
sis. Occasionally, the underlying cause may be 
the use of too large a patch or residual mitral 
regurgitation. 

McCarthy reported on the Cleveland Clinic's expe- 
rience with a variation of the technique whereby 
the left ventricle was reconstructed without a patch, 
where they analysed the first data for the first post- 
operative year (26). These patients had a mean EF 
23.9% and mean ED VI 140ml/m 2 , that changed 
to 36%, and 90ml/m 2 , respectively. The levels of 
norepinephrine, plasma rennin activity, angiotensin 
and brain natriuretic peptide decrease significantly, 
confirming the regression of neurohormonal 
activation. 

3. Long-term results: Global life expectancy at 
5 years, in a series of 207 surviving patients 
analysed from 1991 to 1998, was 82%. In another 
consecutive series of 245 patients from 1998 to 
2003 (analysed to assess the impact of diastolic 
balloon sizing), the life expectancy at 5 years, 
hospital death included, is 85% for the global 
series and 70% for patients with very poor 
ventricular function (ESVI > 120ml/m2). At 
10 years, in the last category of very largely 
dilated failing ventricle, the percentage of sur- 
vivors is 50%, while it is 80% for patients with 
ESVI < 90ml/m 2 . 

8.5. Discussion 

8.5.1. Other Surgical Techniques 

Beck first described a technique for repair of ven- 
tricular aneurysm before the age of the heart-lung 
machine (27). This early technique utilized a clamp 
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for resection and repair of aneurysms. Thereafter, 
the technique evolved to linear closure with use 
of cardiopulmonary bypass. Eventually, the tech- 
niques evolved into a variety of geometric repairs 
to recreate the conical shape of the left ventricle. 

It is difficult to compare linear suture and circu- 
lar repair, as these techniques can be utilized for the 
following good indications: 

1. A distal anterior and apical bulging true dys- 
kinetic aneurysm can be repaired by resection 
of fibrous exteriorised scar followed by direct 
suture of the "neck" of the aneurysm. 

2. When the septum is widely involved, geomet- 
ric reconstruction is the best solution in a great 
majority of cases. Linear repair produced poor 
physiological results (28). Jakob et al. (29), 
Grossi et al. (30), Lundblad et al. (31) are among 
authors that have reported positive experiences 
with endoventricular plasty and geometric repair 
over the past 15 years. Interestingly, Shapira et 
al. (32), Kesler et al. (33), Tavakoli et al. (34), 
showed no difference in the results between 
linear suture and patch repair. The reasons for 
equivocal results between two distinctly different 
techniques might be due to 

3. The retrospective nature of the comparisons, 

4. Small number patients in each series, 

5. The procedure being used only on dyskinetic 
bulging aneurysms. 

6. The series often spanning a long time period 

7. Left ventricular ejection fraction is used to report 
the data, without detailed information on the 
technique of assessment (angiography, radio- 
isotope, or echocardiography) or ventricular 
volume measurements. The imaging techniques 
are often not consistent and, therefore, not com- 
parable. 

8. Some suggestions have been made to improve 
poor results of linear suture. Stoney described 
a sandwich technique (35), for repairs of septal 
scars. Cooley described plication of the free ven- 
tricular wall in his original publication and this 
technique is still a very useful but fails to address 
the issue of the akinetic or dyskinetic septum. 
Mickelborough uses reinforcement of the septum 
with a patch (36) and also advocates a tailored 
"convergent suture" from outside to inside to 
reduce the length of the vertical suture. 

9. Athanasuleas and Buckberg promoted beating 
heart repair during the ventricular repair phase 


of the operation in an attempt to better preserve 
ventricular function and to also assess areas of 
potentially viable myocardium by palpation (37). 
There are many advantages and disadvantages of 
beating heart repair. The theoretically benefits of 
a perfused myocardium over cardioplegic arrest, 
may not be clinically obvious in the majority of 
patients (38). Some of the contentious discus- 
sion points are: 

(a) The exact location and the extent of the 
asynergic area cannot be reliably and repro- 
ducibly identified by palpation alone. The 
extent of scar should be carefully analysed 
pre-operatively on imaging studies with 
multiple projections and a plan formed as to 
the actual areas that need to be excluded. 

(b) Diastolic balloon sizing of the residual left 
ventricle is more cumbersome when per- 
formed on a beating heart. This may be an 
important step for inexperienced or occa- 
sional surgeons, to ensure good early and 
intermediate results. 


8.5.2. Adjunctive Therapies in Ischemic 
Cardiomyopathy 

1 . Medical treatment with the appropriate medica- 
tions form the cornerstone of chronic manage- 
ment (39). Many of the drugs have a positive 
impact on controlling symptoms and reducing 
the metabolic demand on the heart, thereby 
allowing greater efficiency of cardiac function. 
Newer approaches such cardiac resynchroniza- 
tion or bi-ventricular pacing may be effective 
in about one third of ischemic patients, with 
a potential improvement of 1.5% to 5% in EF 
without any effect on one year mortality (40). 

2. Improving blood flow to the ischemic areas with 
percutaneous intervention or surgical revascu- 
larisation, without addressing the enlarged heart, 
does not significantly improve dilated ischemic 
myocardium (41). 

3. There is much promise in the arena of cellular 
therapy, during acute, healing and the chronic 
phases after myocardial infarction. The hope is 
that this will reduce the extension of the scar, 
and prevent remodelling. None of the trials of 
regenerative therapy have been significant clini- 
cally (42). 
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4. There is a revolution in the realm of mechani- 
cal assistance with a variety of small pumps 
that show great promise. For the moment, these 
devices are building on the promise shown by 
the Heartmate in the REMATCH trial (43). 

5. Ventricular containment or passive constraint 
maybe of interest in the treatment of dilated 
cardiomyopathies (44). Containment of a recon- 
structed scar with the addition of cellular regen- 
erative therapy maybe a future therapy to watch,. 
This may even be applied early after a myo- 
cardial infarction to reduce remodelling and 
improve borderzone function (45). 

Key Points to Remember 
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Modifications of the Dor Procedure 
and Failure Modes of the Procedure 

Jai Raman 


Many modifications of the classic Dor procedure 
of left ventricular reconstruction exist and have 
been developed. These next few paragraphs will 
deal with a few modifications. The latter half will 
deal with the failure mode of the Dor procedure 
and evolution of some of the modifications based 
on those failures. 

One of the basic tenets of left ventricular recon- 
struction is an attempt to recreate the conical shape 
of the heart. If one can imagine the dyskinetic 
or scarred region expanding from a small area 
of scar, reducing the dead space occupied by the 
scar would be a fundamental principle. In the 
Dor procedure, the healthy edges of the ventricle 
adjacent to the scar are brought closer together 
with a circumferential purse-string suture called 
the Fontan stitch. The patch was then sutured to 
the edges of the tightened scar. Patrick McCarthy, 
while at the Cleveland Clinic, proposed a modifi- 
cation which utilized only the stitch and avoided 
the patch. Figure 9.1 shows the aneurismal anter- 
oapical scar and figure 9.2 shows the principles of 
the McCarthy modification. 

Complex ventricular reconstruction (CVR) is 
now being employed. Much has been written about 
the techniques and the patients who benefit from 
this kind of surgical technique. Little is mentioned 
about the patients who have a poor outcome. In any 
kind of new procedure, case selection is important 
to achieve optimal results. We therefore studied 
the failure mode of left ventricular reconstructive 
procedures over an 8-year period in three major 
hospitals in two continents to identify risk fac- 
tors in these patients. The principles that Dr. Dor 
described earlier in this chapter were utilized and 


modified as our experience evolved. In addition, 
there were simplications like the McCarthy modifi- 
cation which could be used in smaller scars. 

Figure 9.3 shows the McCarthy modification 
along with a septal plication. For purposes of 
illustration, we describe a retrospective study 
that looked at the adverse outcomes of left ven- 
tricular reconstructive techniques. The lessons 
learnt provide several valuable lessons in the way 
these techniques should be utilized. We studied 
all patients who underwent geometric left ven- 
tricular reconstructive procedures from 1997 to 
2005 at the University of Melbourne hospitals, 
University of Hobart hospital and the University 
of Chicago hospitals. All patients who underwent 
a left ventricular reconstruction (modified Dor 
procedure) were included. The steps required in 
the left ventricular reconstruction are outlined in 
the figures. 

Figures 9.4-9.6 describe the philosophy of 
left ventricular reconstruction using a geometric 
approach utilizing the principles outlined by Dor 
and Cooley, which we had described earlier. 1 

Figures 9.7 and 9.8 show septal dyskinesis and 
septal plication with a suture. Figure 9.9 shows 
a patient who has septal plication and implanta- 
tion of a bovine pericardial patch. Patient data 
were gleaned from hospital records, outpatient 
records and follow-up investigations. Patients were 
included regardless of the acuity and mode of pres- 
entation. Peri-operative outcomes were measured 
and post-operative complications tabulated. When 
mortality occurred, post-mortem examinations were 
requested and the results recorded. Complications 
were classified as fatal and non-fatal. All deaths 
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Figure 9.1. An apico-lateral left ventricular scar. 



Figure 9.2. Purse-string suture along the borderzone, as 
proposed by McCarthy. 



Figure 9.3. Combined McCarthy repair and septal pli- 
cation: The septum has been plicated, followed by the 
purse-string suture along the healthy borderzone at the 
edge of the opened scar. 
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Figure 9.4. Longitudinal section of a dilated left ventricle 
with an apical scar. 



Figure 9.5. End-on view of opened apical scar with 
implantation of pericardial patch. Note the plicated sep- 
tum and the radially placed sutures from the patch to the 
healthy myocardium beyond the scarred edges. 



Figure 9.6. Completed repair shown in longitudinal 
section. Note the patch on the inside and the teflon strips 
on the outside. 
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Figure 9.7. Cross section of ventricles showing septal 
scar with dyskinesis. 


Figure 9.9. End-on view of ventricular reconstruction, 
showing the septal plication on the left with patch repair. 



Figure 9.8. Schematic diagram showing septal plication 
with a suture. 


as a consequence of the surgery, however remote, 
were recorded to derive the operative mortality. 
Non-fatal complications included the following: 

Low cardiac output 

End-organ dysfunction, such as renal failure and 

liver dysfunction 
Ventricular arrhythmias 

Neurological dysfunction, including transient 

ischemic attack (TIA), stroke, etc. 
Persistent congestive heart failure 


Prolonged respiratory support as a consequence of 

cardiac decompensation 
Persistent cardiac failure 
Need for prolonged ventricular assistance 

Recurrence of cardiac failure and late decom- 
pensation, if any, were recorded. Where pos- 
sible, patients were followed by heart failure 
cardiologists or a service dedicated to looking 
after patients with heart failure. Patients were 
reviewed every 6-12 months clinically where pos- 
sible. Repeat echocardiography was advised to all 
patients. All adverse events were recorded. In the 
absence of contact or follow-up, attempts were 
made to contact referring physicians to accurately 
obtain quality of life information and late compli- 
cations, if there were any. 

Between January 1997 and February 2005, 284 
patients underwent left ventricular reconstruction. 
Mean ejection fraction was 24.5 + 7%. Mean New 
York Heart Association (NYHA) functional class 
was 3.2. All of the procedures were performed as 
adjuncts to coronary artery surgery and/or valvular 
surgery. Patients were followed up clinically and/or 
echocardiographically. Failure modes were classi- 
fied as fatal or non-fatal. Non-fatal failure mode 
was defined as either persistent heart failure, recur- 
rence of left ventricular scar, need for ventricular 
assistance, persistent ventricular arrhythmia or a 
combination. 
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9.1. Results 

Operative mortality rate (OMR) was defined as 
peri -operative death or death as a complication of 
the surgical procedure, regardless of length of hos- 
pital stay. Operative mortality was 8% (23 deaths). 
This fatal failure mode was most related to urgency 
of surgery and cardiogenic shock in 15 patients 
(5.3% of OMR), stroke in 5 patients (1.8%) or 
post-operative biventricular failure in 3 (1%). In 
this category, most of the patients (n =17) were in 
established cardiogenic shock with a combination 
of inotropes, pressors and balloon counterpulsa- 
tion. Surgery was performed as an emergency or 
on an urgent basis. This was often in the setting of 
an acute infarct complicating an already poor ven- 
tricle. Post-operative biventricular failure was seen 
in three patients that was prolonged and required 
delayed implementation of ventricular assistance, 
often in the setting of intractable post-operative 
ventricular arrhythmias. 

Unexpected intra-ventricular clot was found 
in four patients despite good quality pre-opera- 
tive echocardiography and intra-operative trans- 
oesophageal echocardiography. The nature of the 
clot was often friable and soft, and this made them 
embolize relatively easily. The size of each of 
these clots was over 3 cm, representing a failure 
of trans-oesophageal echo in recognizing these 
early soft thrombi. The embolism occurred despite 
minimal manipulation of the heart before ven- 
triculotomy. 

Non-fatal failure modes (NFM) accounted for 
morbidity in 26 patients (9%). This was predomi- 
nantly due to persistent septal dyskinesis in seven 
patients (2.46%), persistent mitral regurgitation in 
five (2.5%), post-operative ventricular tachycardia in 
four (1.4%), sub-optimal myocardial protection in four 
(1.4%) and use of a large, stiff patch in four (1.4%). 

Persistent septal dyskinesis resulted in discoor- 
dinate ventricular contraction with only partial 
improvement in ventricular function. This was 
despite using a patch to exclude the septal component 
of the scar. This was also early in the experience. 
Complete coverage of a large area of septal dyski- 
nesis with a patch was often difficult. 

Persistent mitral regurgitation was seen in five 
patients. All of these patients had multiple patchy 
scars with some remodelling of the infero-basal wall. 
The mechanism of MR was due to an akinetic or slug- 


gish infero-basal ventricular wall. These patients had 
moderate mitral regurgitation which was left alone at 
the time of surgery, because of the lack of consensus 
on what to do about these patients. 

Early in the experience, we followed the principles 
described by Dor. The Dacron patch was stiff and 
tended to almost stent open the area to be recon- 
structed. This invariably resulted in a sub-optimal 
result with residual heart failure. Over the early 
phase of this experience, we moved from Dacron to 
Goretex patches and settled down to using Bovine 
Pericardial patches (Supple Perigard™, manufac- 
tured by Synovis Biomedical Inc., St. Paul, MN). 

Post-operative ventricular tachycardia was seen 
in four patients. In two of these patients, it was 
profound and early in the post-operative period. 
In one of these patients, it caused profound hemo- 
dynamic compromise, requiring mechanical assist- 
ance with extra-corporeal membrane oxygenation 
(ECMO). The ventricular tachy-arrhythmia slowly 
resolved after 48 h. However, the patient had an 
embolic episode during his period of assistance 
and support was withdrawn despite a reasonable 
chance of cardiac recovery. 

In two patients, there were late episodes of ven- 
tricular tachy-arrhythmia, both of which were at 
home. Both patients were successfully resuscitated, 
cardioverted and admitted for insertion of auto- 
matic internal cardioverter defibrillators (AICD). 
Since then, our policy in treating these patients has 
changed. Any patient with a pre-existing history 
of ventricular arrhythmia gets an endocardial abla- 
tion at the borderzone. If patients have any post- 
operative ventricular arrhythmias, they undergo an 
electrophysiological study. The threshold for elec- 
trophysiological intervention now is quite low. 

Four patients spent a long time recovering from 
surgery with gradual resolution of cardiac fail- 
ure. These patients had predominantly right sided 
cardiac failure which was presumably because 
of inadequate myocardial protection of the right 
coronary artery territory during the cross-clamp 
period. We have changed our techniques over the 
past 100 patients to avoidance of the cross-clamp 
and cardioplegia. If there is a large clot and the 
cross-clamp is required, this is done first followed 
by myocardial revascularization, which is then per- 
formed on a beating heart. 

The use of a stiff and relatively big patch 
(4-5 cm in diameter) accounted for significant 


9. Modifications of the Dor Procedure and Failure Modes of the Procedure 


157 


morbidity in four patients. Two of these patients 
presented with localized recurrence near the edge 
of the patch. In one of them, this was the focus of 
ventricular tachycardia. In two other patients, the 
patch seemed to be associated with progression of 
mitral regurgitation from mild to moderate. 

One hundred and ninety-nine of the surviving 
261 patients (76%) were in NYHA class I. Twenty 
patients were lost to follow-up. All patients in 
NYHA class I were maintained on a combination 
of angiotensin-converting enzyme (ACE) inhibi- 
tors, beta blockers and diuretics. There were no 
instances of recurrent ischemia or heart failure 
decompensation in this group. 

Unfortunately, there was no control group to 
perform robust statistical comparisons. While data 
were collected prospectively, this was a retrospective 
review of the data. 

Ventricular reconstruction was initially a technique 
used predominantly for repairing ventricular aneu- 
rysms. Linear repair of aneurysms was the accepted 
norm for almost three decades thereafter. 23 Despite 
the relative ease of these procedures popularized by 
Cooley, 4 the peri-operative complications gave ven- 
tricular aneurysm repair a bad name. Dr Jatene 5 and 
Dr. Dor 6 independently showed the importance of a 
geometric approach to repairing the left ventricle in 
such a way that the conical shape is recreated. The 
improved results with a circular repair or a geomet- 
ric approach have now been well accepted for over 
a decade. 7 The next phase in the evolution of left 
ventricular reconstructive surgery was to address 
not just frankly aneurismal or dyskinetic anterior 
ventricular scars but to attempt correction in cases 
where there was akinesis of a large confluent anterior 
left ventricular scar. 8 As percutaneous treatment of 
acute coronary syndromes has improved all over 
the world, truly ventricular aneurysms have become 
more uncommon. There is also the appreciation based 
on the Surgical Trial in Intracerebral Haemorrhage 
STICH trial (Surgical Treatment of Ischemic Heart 
Failure) that aggressive myocardial revasculariza- 
tion alone cannot alter the function and shape of a 
ventricle remodelled by infarction. 9 However, the 
physiological effects of geometric left ventricular 
reconstruction have been successfully applied to post- 
ishemic akinetic dilatation of the left ventricle. 10 

Across the board, the operative mortality in 
these sick patients ranges from 7% to 12%. 11-13 
Many of these publications have focused rightly 


on the positive outcomes of these reconstructive 
procedures. This is particularly important as the 
incidence of heart failure increases and there is 
greater acceptance of the role of left reconstructive 
procedures in the surgical armamentarium. 14 While 
the surgical community is embracing these new 
techniques with greater enthusiasm, appropriate 
case selection is very important. 

We present our experience with left ventricular 
reconstruction over an 8-year period encompassing 
284 patients at three institutions in two continents. 
We presented some of our learning experiences to 
help improve the surgical technique to accommo- 
date all types of patients. 

On the basis of our experience, we now know 
that left ventricular reconstruction in the presence 
of cardiogenic shock or as an emergent procedure 
carries a considerable risk of mortality. If there is 
end-organ failure, our strategy now is to connect 
the patient to some kind of mechanical ventricular 
assistance. We routinely advocate insertion of an 
intra-aortic balloon pump pre-operatively, if one 
has not been inserted already. We also have a low 
threshold for insertion of a ventricular assist device 
as the patient is being weaned off cardiopulmonary 
bypass. 

To reduce myocardial dysfunction in these 
patients, we have also switched to performing 
most of these procedures on cardiopulmonary 
bypass with the heart beating. The only caveat to 
that is when there is evidence of ventricular clot on 
echocardiography. In those instances, we use the 
cross-clamp and cardioplegic arrest early to allow 
reconstruction of the ventricle with safe extraction 
of the thrombus. Thereafter, we tend to perform the 
coronary artery bypass procedures with the heart 
beating, thereby limiting the cross-clamp period. 
This has also reduced the need for post-cardiotomy 
mechanical ventricular support for inadequate 
myocardial protection. 

Ventricular arrhythmias can frequently be a 
complication and cause of poor outcome in patients 
undergoing left ventricular reconstruction. We have 
adopted various techniques to reduce the incidence 
of these arrhythmias post-operatively, ranging from 
intra-operative ablation of the endocardium to elec- 
trophysiology studies and insertion of AICDs. 15 
Extensive work has been done by Dor 16 in this area 
and we follow most of his principles in dealing 
with ventricular arrhythmias. 
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The use of a stiff patch was interestingly associ- 
ated with some adverse long-term outcomes, which 
included recurrent scar formation at the edge of the 
patch, and progression of mitral regurgitation. We 
have since completely switched to using small bovine 
pericardial patches to help recreate the conical shape 
of the ventricle. The septal component of the scar is 
now routinely plicated in a linear fashion using tech- 
niques promulgated by Jatene. This has allowed an 
even better geometric reconstruction of the ventricle. 

This publication is an attempt to identify some of 
the common complications following left ventricu- 
lar reconstruction and our measures to reduce some 
of these effects. Our follow-up to this would be to 
analyse these failure modes, using more sophisti- 
cated statistical methods such as propensity scores. 

Useful tips and Pitfalls to Avoid 
in Surgery 


J. Raman 

Key Points to Remember 
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Mitral Valve Repair 
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10.1. Introduction 

The management of patients with congestive heart 
failure (CHF) has become an international heath 
care problem and it is one of the world's leading 
causes of hospitalization and mortality. In our 
ever-aging population, advances in basic cardiac 
care that have extended our average life expect- 
ancy have also left more people living with chronic 
cardiac disease than ever before. In the United 
States alone, 4.9 million people (2.3% of total 
population) are suffering from heart failure with 
550,000 new cases diagnosed each year. Hospital 
discharge for CHF increased from 377,000 in 1979 
to 970,000 in 2002, an increase of 157%. Estimated 
health expenditures amount to US$25.3 billion in 
2005. 1 In spite of these, only 2,100 of the 53,000 
patients who die annually are offered transplanta- 
tion, which many consider to be the standard treat- 
ment for selected patients with severe CHF and 
end-stage heart disease. Transplantation is severely 
limited by the paucity of donor availability and 
enormous cost. The inapplicability in the older 
patient or those with comorbid medical conditions 
as well as relatively fixed donor pool suggests that 
transplantation will likely never have a major epi- 
demiological impact. 2 Treatment with mechanical 
circulatory support devices dances on the horns of 
the same dilemma. Consequently, despite improve- 
ments with medical management, 1-year, 3-year, 
and 5 -year survival rates after hospitalization from 
CHF have been reported at -60-80%, 50%, and 
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20-40%, respectively, which is worse than the 
prognosis of most cancers. 3-7 

In an effort to solve these problems, many alter- 
native surgical and interventional strategies to treat 
heart failure patients have emerged and evolved over 
time. Some of them have been evaluated as the first- 
line approach to heart failure including techniques 
to restore myocardial perfusion and ventricular syn- 
chronization, to remodel ventricular geometry, and 
to eliminate mitral valve (MV) regurgitation (MR) 
in the setting of dilated cardiomyopathy (DCM). 

Since 1993, we have been using MV repair 
techniques to help this patient population based 
on the assumption that the MV is the geometric 
functional component of the left ventricle (LV) 
and that secondary or functional MR occurs in the 
MV apparatus that is essentially normal and func- 
tional. The lack of effective function is reflective 
of a geometric problem of the LV. Secondary or 
functional MR can be thought of as geometric MR 
and we define MV repair of this geometric MR as 
geometric MV repair in this chapter. This chapter 
will examine the recent development and advance- 
ment of geometric MV repair which is now recog- 
nized as a safe and useful treatment option for 
heart failure in selective DCM patients, and will 
review the University of Michigan experience with 
geometric MV repair in cardiomyopathy. 

10.2. MV Structure and Function 

In order to address the issues of heart failure and 
MR, one needs to understand the complex anatomy 
and functional relationship of the LV and MV. MV 


161 


162 


Y. Suzuki et al. 


competence depends on the coordinated function 
and geometry of the components of the MV appara- 
tus: mitral annulus, mitral leaflets, chordae tendinae, 
papillary muscles, and importantly LV wall. 8-10 
The most "efficient" function of LV depends on all 
the components of the LV and MV apparatus. There 
are substantial clinical and basic science evidences 
implicating the importance of preserving MV continuity 
and geometry in order to preserve the function of 
theLV. 11 " 13 

The MV is the inlet to the LV and can be 
mistakenly thought of as a "set of French doors." 
The anterior (septal/aortic) and posterior (mural) 
leaflets are "nominally" separated near the annulus 
by the posteromedial and anterolateral commissures. 
However, it should be noted that the leaflet part 
of MV is entirely continuous within the annulus 
much like a "curtain of a waterfall". The anterior 
leaflet is semicircular and spans the distance 
between the two commissures. At the portion 
of the annulus which serves as "hinge point" of 
both leaflets, the anterior leaflet is attached to 
the anterolateral wall of LV in the central region 
of the fibrous skeleton of the heart between the 
right and the left fibrous trigone where it is in 
direct continuity with the left end part of the 
noncoronary aortic valve leaflets. The posterior 
leaflet is rectangular in shape, and is divided 
into three portions by natural clefts in the leaf- 
let. Figure 10.1 shows the relationship of the 
MV and its components to chords and papillary 
muscles. 

The mitral annulus represents the junction that 
joins the left atrium and ventricle and consists of 
fibrous and muscular tissues. The average human 
mitral annular cross-sectional area is 5-1 lcm 2 . 
During systole, the annulus assumes an ellipti- 
cal shape and is able to contract and decrease in 
diameter, whereas in diastole, it assumes a more 
circular shape. Annular flexibility allows for 
increased leaflet coaptation during systole and 
increased annular orifice area during diastole. The 
anterior aspect of the annulus, which is composed 
of the fibrous skeleton of the heart and consists 
of rigid but elastic fibrous tissues, has limited 
flexibility, whereas the posterior aspect of the 
annulus, which is in continuity with the fibrous 
skeleton and consists of a mixture of muscular 
and gradually tapering fibrous tissues, contributes 
most of the annular flexibility. 


The chordae tendinae are composed of fibrous 
connective tissue chords and attach the leaflets 
directly to either the papillary muscles or the LV 
wall. The chordae are divided into three groups. 
The primary chordae attach directly to the free 
edge of the leaflet, and ensure that the leaflets 
coapt without prolapse or flail. The secondary 
chordae, which are more prominent on the ante- 
rior leaflet, attach to the leaflet along the line of 
coaptation, and are important in maintenance of 
ventricular function. 14 Tertiary chordae are present 
only on the posterior leaflet, and attach directly to 
the ventricular wall or to the trabeculae carnae. In 
addition, there are commissural chordae, which 
arise directly from either of the papillary muscles 
and attach to both leaflets. 

The anterolateral and posteromedial papillary 
muscles project into ventricular cavity directly 
from the apical and mid portion of the ventricular 
wall, and give rise to chordae tendinae that attach 
to both leaflets. The anterolateral papillary muscle 
receives a dual blood supply from the left anterior 
descending and from either a diagonal or mar- 
ginal branch of the circumflex artery. In contrast, 
the posterolateral papillary muscle has a singular 
blood supply, either from the right coronary or the 
circumflex artery. Therefore, the posteromedial 
aspect of the LV wall and the papillary muscle is 
more susceptible to ischemia and infarction and 
together play a very important role in valvular 
incompetence and leaflet malcoaptation in the 
instance of ischemic MR with a variable degree of 
posterior myocardial infarction. 

The most important determinant of MV compe- 
tency centers on the zone of coaptation (ZC). MV 
leaflets accommodate high systolic LV pressure 
and establish competence through the distribution 
of force that can be likened to the stresses in a 
"Roman arch" in order to lessen the stress to the 
other parts of the ventricle and MV apparatus. To 
maintain MV competency in a systolic phase, the 
adequate ZC needs to be established in a coordi- 
nated fashion. To achieve adequate coaptation, 
both anterior and posterior leaflets should 

1 . be close enough to each other, 

2. have enough tissue to cover the length of the 
ZC, and 

3. be guided at the line of coaptation by the chords 
at appropriate angle. 
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Figure 10.1. Anatomy — anterior and posterior leaflets of the mitral valve (MV). 


10.2.1. Pathophysiology of MR 

10.2.1.1. Acute MR Versus Chronic MR 

In MR, the regurgitant volume which is ejected 
into the left atrium is dependent upon regurgitant 
orifice size, ventricular to atrial pressure gradient, 
atrial compliance, and heart rate. The degree of 
increase in left atrial pressure which is associated 
with congestive symptoms is significantly affected 
by the regurgitant volume and the compliance of 
the left atrium. 

The compliance of the left atrium is much dif- 
ferent between acute and chronic MR, so it is 
important to fully recognize and differentiate the 
chronicity of MR in each patient being evaluated 
with heart failure. 


10.2.1.1.1. Acute MR 

Causes of acute MR include chordal rupture, 
endocarditis, chest trauma, or myocardial infarc- 
tion. The left atrium is of normal size with low 
compliance. A relatively small amount of acute 
MR can lead to an acute increase in left atrial 
pressure and lead to significant pulmonary 
edema that requires acute treatment. In this 
setting, symptoms dictate the proper timing of 
surgery. 

10.2.1.1.2. Chronic MR 

In chronic MR, there is a gradual increase in regur- 
gitant flow into the left atrium that leads to atrial 
enlargement and a significant increase in left atrial 
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and pulmonary venous compliance. Therefore, 
signs and symptoms of pulmonary congestion may 
not become apparent until much later in the proc- 
ess of the disease in spite of the significant degree 
of MR and the significant volume overload and 
pathologic changes in the LV. In this setting, less 
symptomatic patients are difficult to triage in terms 
of proper timing of the intervention. 15 In this chap- 
ter, we treat geometric MR, which is chronic MR 
and a different disease entity from acute MR. 

10.2.1.2. Valvular MR Versus 
Geometric MR 

To understand the mechanism and the rational 
treatment of chronic MR, it is very useful to clas- 
sify MR into primary/anatomic/valvular MR and 
secondary /functional/geometric MR. 

In valvular MR, regurgitation is caused by struc- 
tural valvular disease. The etiology of structural 
MV diseases include degenerative (myxomatous, 
namely, Barlow and fibroelastosis such as Marfan 
syndrome and connective tissue diseases), rheu- 
matic, endocarditis, trauma, tumor, inflammatory, 
and congenital. In this setting, problems with the 
components of the MV apparatus cause MR. 



Figure 10.2. Mechanism of mitral valve regurgitation 
(MR) with inferobasal scarring of the left ventricle (LV). 
Note the remodeled inferobasal wall labeled "aneurysm" 
contributes to tethering of the posterior mitral leaflet, 
causing failure of coaptation of the mitral leaflets. 


MV repair of this valvular MR is systematically 
guided by three functional anatomic categories of 
MV pathology proposed by Dr Carpentier in 1983 16 : 

• annular dilatation 

• leaflet prolapse with elongated or ruptured 
chordae 

• leaflet restriction 

The treatment of valvular MR aims to establish a 
ZC according to the functional anatomy. MV repair 
techniques in this setting include annuloplasty, 
variable degrees of leaflet resection, advancement 
or "sliding" plasty, chordal translocation, and poly- 
tetrafluoroethylene (PTFE, Gore-Tex®) neo-chordal 
implantation. 

In contrast, secondary or geometric MR is 
defined as MR that is not caused by a structural 
defect of the components of the MV apparatus but 
rather is caused by a distorted functional position 
of the components of the MV apparatus related to 
LV dilatation. Therefore, geometric MR is not a 
valvular disease but a geometric ventricular dis- 
ease. For example, LV dilatation of the secondary 
to an ischemic etiology with inferobasal akinesis 
or dyskinesis contributes to geometric MR. Figure 
10.2 shows how inferobasal scarring and dyskinesis 
can contribute to MR. 

DCM is defined by clinical evidence of chronic 
and progressive heart failure associated with find- 
ings of poor cardiac contractility and ventricular 
dilatation. 

According to the primary etiology, DCM is usu- 
ally classified into ischemic DCM and nonischemic 
DCM because ischemic DCM is most prevalent. 

Nonischemic DCM can further be classified into 
idiopathic DCM (ventricular etiology) and valvular 
DCM (valvular etiology). It should be noted that there 
is a segment of this patient population that have con- 
current ischemic heart disease and MR from degen- 
erative MV disease at the same time, commonly seen 
in elderly patients. This group is distinct from patients 
with geometric MR with ischemic DCM. 

In geometric MR, the components of the MV 
apparatus itself are normal; two of the three 
functional anatomic categories proposed by 
Dr Carpentier hold true: 

• annular dilatation 

• leaflet restriction: papillary muscle — LV wall 
displacement 
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Figure 10.3 shows the components of geometric 
MR. The treatment aim of geometric MR is to 
reestablish the ZC to eliminate regurgitation. To 
achieve this goal, a complete ring annuloplasty 
technique was initially used. 17 As surgeons be 
more comfortable with this technique, more and 
more aggressive undersizing and overcorrecting 
ring annuloplasty was used based on the assump- 
tion that the most significant determinant of leaflet 
coaptation in geometric MR is the diameter of the 
MV annulus and that undersizing, overcorrect- 
ing annulus would also help to compensate the 
widened angle and the septolateral distance of 
the papillary muscles from LV dilatation. These 
clinical observations and acceptable surgical results 
were correlated with several key echo parameters 
as well as improvement in symptoms and quality 
of life (QOL). 18 " 20 

The natural history of chronic degenerative or 
rheumatic valvular MR can be prolonged. The pro- 
gression of the disease may be slow for several dec- 
ades. The onset of symptoms is often masked and 
may present late in the progression of the disease 
even with elevated left atrial and LV end-diastolic 
pressures because of the slow, gradual progression 
of this process and the large compliant left atrium. 
The presence of MR contributes to increased back 
pressure and decreased forward flow as well. 




Tethering 
force 


Mitral annulus 


Figure 10.3. Various forces exerted on mitral valve 
(MV) leaflets are provided by the MV apparatus, pap- 
illary muscles, and important three-dimensional rela- 
tionships in the ventricle itself of all of the associated 
structures. Geometric mitral regurgitation results from 
a combination of annular dilatation, papillary muscle 
displacement, increased leaflet tethering forces, and 
weakened leaflet closing forces. 


Decreased forward flow is also compensated by an 
increased heart rate and total stroke volume that is 
the sum of regurgitant volume and effective forward 
stroke volume. This leads to increased workload 
from volume overload to the LV. Neurohormonal 
compensatory mechanism also play a role in 
maintaining effective forward stroke volume in the 
setting of chronic MR. The normal LV can accom- 
modate a fairly large amount of regurgitant volume 
and can be well compensated before the LV starts 
to dilate. This is reflected in hyperdynamic wall 
motion and increased LV contractility. However, 
once increased volume overload reaches beyond 
the compensatory adaptation of the LV, the LV is 
forced to dilate through homeostatic compensa- 
tion mechanisms. This is reflected in increased LV 
end-diastolic volume and dimension that results 
in increased LV wall tension and stress. The LV 
reacts to match increased wall tension by increas- 
ing the LV mass. As LV dilatation progresses, 
LV wall tension increases and coronary flow 
reserve decreases in addition to increased LV 
workload. 20-23 Increased LV wall tension is the 
most potent stimulus for progressive heart failure 
through the mechanism of LV remodeling at a 
genetic, molecular, and neurohormonal level. This 
chronic energy imbalance of increased workload, 
increased wall tension, and decreased coronary 
flow reserve accelerates the damage to the LV 
muscle and the loss of LV contractile functional 
reserve. The poor survival of patients with chronic 
degenerative MR and severe CHF symptoms has 
been well established. Even though total resistance 
to the LV is decreased by MR, the total workload 
to produce the same forward flow is proportion- 
ally increased to volume overload with MR. The 
development of clinical symptoms usually reflects 
significant LV dysfunction and is a hallmark 
of reduced life expectancy. In the current setting 
of low operative mortality and high feasibility of 
repair, the timing of MV repair can be offered at 
earlier stages of the disease in hopes of changing 
the natural history of the disease and before the 
development of left ventricular dysfunction. 15 A 
regurgitant volume of > 60 ml per beat and effective 
regurgitant orifice area of >40mm 2 are currently 
recommended as an index of quantitative assess- 
ment for the timing of MV repair in asymptomatic 
patients with degenerative valvular MR. 24 ' 25 
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Geometric MR with DCM further contributes 
to LV dilatation and remodeling through chronic 
phenotypical changes triggered by increased volume 
workload, increased LV wall tension, and decreased 
coronary flow reserve in addition to originally 
dysfunctional LV. This LV dilatation and spheri- 
cal change further increases the magnitude of MR. 
Therefore, geometric MR sets up a vicious cycle and 
has been associated with worsened survival even 
with mild MR and few overt symptoms of heart 
failure. 26 " 28 

Compared to valvular MR, the natural disease 
progression of geometric MR is rapid and prog- 
nosis remains poor. Geometric MR is a prevalent 
complication of end-stage cardiomyopathy and 
may affect up to 60% of all heart failure patients 
as a preterminal or terminal event. 28-30 Ischemic 
MR, that is, geometric MR in ischemic DCM, 
doubles the mortality after myocardial infarc- 
tion with a graded decrease in survival related 
to the severity of MR. Figure 10.4 reiterates the 
ischemic mechanism overlaid on the geometric 


components. It is reported that in ischemic 
DCM, the 5-year survival rate is 60% without 
MR, 45-50% with mild MR, and 30-35% with 
more than moderate MR. 3132 Decreased LV 
function reflected in a decreased ejection 
fraction (EF) further predicts a worse progno- 
sis. 3334 The prognosis of ischemic DCM with 
MR is generally even worse than idiopathic 
DCM with MR. 28 

However, the appropriate timing of intervention 
for chronic, geometric MR is still very controver- 
sial because of the higher operative risk and poorly 
defined late outcome measures. 

With normal ventricular geometry, the redun- 
dant mitral leaflets that are more than twice 
the area of the MV orifice are responsible for 
the ZC. 10 As the failing ventricle dilates, the 
multifactorial mechanisms of the progressive 
expansion of the mitral annulus and the dislocation 
of papillary muscles and LV wall lead to incom- 
plete leaflet coaptation and a regurgitant jet of 
geometric MR. 



Figure 10.4. In ischemic cardiomyopathy, changes within the left ventricle (LV) may be asymmetric and still lead to 
functional mitral regurgitation. With ischemic damage and thinning of the ventricular wall, there is lateral tethering, 
displacement of the papillary muscle, and loss of the zone of coaptation (ZC), resulting in an eccentric jet of mitral 
regurgitation. This illustrates the concept that ischemic mitral regurgitation results from "lateral wall dysfunction" 
that, if left untreated, will progress to global LV dysfunction and severe heart failure. 
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As more leaflet tissue is utilized for coverage 
of the enlarging orifice, a critical reduction in 
leaflet tissue available for coaptation is reached 
so that leaflet coaptation becomes ineffective and 
that a central regurgitant jet type of geometric 
MR develops. 83536 In studies of patients with 
idiopathic DCM, those with MR have signifi- 
cantly greater MV orifice area and significantly 
larger dimensions of the MV annulus than those 
without MR. Chordal length and papillary muscle 
length are not significantly different in patients with 
cardiomyopathy, with or without MR. 8 It is also 
reported that pharmacologic reduction in the 
dynamic MR by the medical treatment of heart 
failure was through a reduction in the regurgitant 
orifice area which was related to the decreased 
mitral annular distention. 36 

Therefore, the most significant determinant of 
leaflet coaptation in geometric MR is the diam- 
eter of the MV annulus. This forms the basis of 
the approach of the downsizing, complete ring 


MV annuloplasty. The spatial misalignment of 
the subvalvular MV apparatus, that is, papillary 
muscle-LV wall dislocation, also contributes to 
inability of leaflet coaptation. 9 ' 37 38 As the ventricle 
dilates, the distance and the angle of the papillary 
muscles tends to become obtuse rather than acute, 
forcing the MV leaflet coaptation zone apart. 
In addition, there is a large apical force that pulls 
the papillary muscle and chordal apparatus in an 
inferior and lateral direction and there is a weak 
closing force of the poorly functioning LV All 
of these elements result in the loss of the ZC and 
subsequent MR. This is illustrated in Figure 10.5. 
The downsizing and overcorrecting complete ring 
MV annuloplasty also has some effect on the angle 
and the distance of dearranged subvalvular MV 
apparatus by indirectly providing more leaflet 
tissue for ZC and by directly influencing the 
reduced septal-lateral diameter at the level of pap- 
illary muscle through the continuum of papillary 
muscle-LV wall complex. 



Figure 10.5. In nonischemic cardiomyopathy, note the geometric changes that occur from the normal to the failing LV. 
With the ventricular and annular dilatation of heart failure, the mitral leaflets cannot adequately cover the enlarged 
mitral orifice, resulting in the loss of the zone of coaptation (ZC). Geometric mitral regurgitation results from a 
combination of annular dilatation, papillary muscle displacement, increased leaflet tethering forces, and weakened 
leaflet closing forces. 
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Although significant undersizing of a complete 
ring MV annuloplasty is performed to increase 
coaptation, no systolic anterior motion (SAM) of 
the anterior leaflet, or mitral stenosis was noted in 
our series. SAM is not usually seen in the setting 
of a large aorto-mitral angle and increased LV size, 
both conditions that are seen in DCM. 

In contrast to primary or anatomic MR, geomet- 
ric MR is also reported to have dilatation along the 
anterior aspect of the annulus. 39 This could possi- 
bly explain why the partial ring MV annuloplasty 
rather than the complete ring MV annnuloplasty 
appears unlikely to produce a sustained long-term 
result. 40 

With ischemic DCM, geometric MR is furthermore 
compounded by the dynamic and regional changes 
of LV muscle function and geometry. Ischemic 
papillary muscle dysfunction, which is traditionally 
defined as the cause of geometric MR, is not merely 
an isolated disorder of the contractive function of the 
papillary muscle but a disturbance in the coordinated 
entire geometry of MV complex including the annu- 
lus, chordae tendinae, papillary muscles, and the LV 
wall. It is reported that MR cannot be reproduced by 
direct damage causing fibrosis of papillary muscle 
and it may actually decrease with papillary muscle 
ischemia. 4142 This is why "papillary muscle-LV wall 
dislocation" rather than "ischemic papillary muscle 
dysfunction" has been more recently used to describe 
this condition. 43 

10.2.2. Geometric Mitral Valve Repair 

10.2.2.1. University of Michigan Experience 

In 1993, we began to use our MV repair techniques 
very cautiously to selected DCM patients with severe 
MR who were suffering from progressive severe heart 
failure and were not eligible for transplantation, on the 
assumption that the MV is the geometric functional 
component of the LV and that geometric MR, in 
which the MV apparatus itself is originally normal, is 
the functional and geometric problem of the LV. 17 

In 1995, a small initial series of patients at the 
University of Michigan was reported describing 
the early outcome (1993-1994) of MV repair in 
16 consecutive patients with DCM and severe MR, 
refractory to maximum medical therapy. In this study, 
16 patients (11 men and 5 women) ranged in age 
44—78 years (64+8 years) underwent MV repair with 


a simple, undersized, flexible, complete ring annulo- 
plasty. The EF was 9-25% (16 ± 5%). Two patients 
were listed for transplantation. No postoperative 
patients required support with an intraaortic balloon 
pump. There were no operative or hospital deaths and 
mean hospital stay was 10 days. There were three late 
deaths at 2, 6, and 7 months after procedure, and the 
1-year actuarial survival rate was 75%. At a mean 
follow-up of 8 months, all remaining patients were in 
New York Heart Association (NYHA) class I or II, 
with a mean postoperative EF of 25 + 10%. 17 

Historically, while significance of MR in CHF 
was recognized and attempts were made to treat 
this surgically with MV replacement, early surgical 
correction was associated with poor outcomes and 
surgical teaching evolved to enforce this idea. 44-47 
Consequently, these patients were not considered 
operative candidates due to the prohibitively high 
morbidity and mortality in this patient population. 48-52 
The prevailing surgical thought was that MR provided 
a "pop-off effect for these impaired ventricles to 
function and that by removing the MR and the "pop- 
off' effect the LV was compromised, which led to the 
high operative mortality. However, the poor outcomes 
of MV replacement in that era were probably from 
the adverse consequences of the excision and the 
disruption of the annular-chordal-papillary muscle 
continuity, which has significant importance on LV 
systolic function. 11 ' 53-56 It has been demonstrated in 
a number of studies that preservation of the annulus- 
papillary muscle continuity is of paramount impor- 
tance to preserve LV function, and this is even more 
critical in patients with severely compromised LV 
function. 12 - 57-62 Preservation of the MV apparatus and 
LV in MV repair has been demonstrated to enhance 
and maintain LV function and geometry with an 
associated decrease in wall stress. 63 This procedure in 
degenerative valvular MR has been shown to be safe, 
with a significant decrease in operative morbidity and 
mortality, and good long-term outcomes. 64-69 This 
supports there is no "pop-off' effect. Even though the 
total resistance to the LV is increased by eliminating 
MR, the total workload to produce the same forward 
flow without MR is proportionally decreased to the 
decreased LV volume load. 70,71 

Feasibility of the surgical treatment of geomet- 
ric MR with DCM had been established by the 
use of the simple, undersized, flexible complete 
ring annuloplasty. Pre- and postechocardiography 
data showed some changes in parameters related 
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to hemodynamic and geometric improvement. 
The basal angulation of the heart was changed by 
undersizing, overcorrecting the annulus, and the 
elliptical shape of the heart became reestablished 
such that not only was MR acutely obliterated but 
the cardiac geometry was also influenced, allowing 
the subsequent reverse remodeling. 17-20 Figure 10.6 
schematically shows how this concept might work. 
Encouraged by these results, we continued to apply 
this approach to this high-risk patient population as 
a first-line treatment option of heart failure. 

At the University of Michigan (1993-2003), more 
recently 215 patients with end-stage cardiomyopa- 
thy and refractory MR underwent MV repair with a 
simple, undersized, complete ring annuloplasty. The 
range in age was 30-87 years (64+ 12 years). EF was 
6-30% (20.8+6%). Preoperative NYHA class was 
3.1+0.9. A large number of patients (64/215, 30%) 
had had a previous open heart procedure. Thirty-day 
mortality was 4.7% (10/215) for all mitral repairs. 
Postoperative low cardiac output syndrome was 2.3% 
(5/215). Complication rates were low with cerebrovas- 
cular accident or transient ischemic attack, 2% (4/215); 
prolonged ventilation 6% (14/215); total infection 5% 
(11/215); renal failure requiring dialysis 1% (2/215); 
and reoperation for bleeding 0.5% (1/215). Average 


ICU stay was 2.67 days and average hospital stay was 
7.8 days. One- and two-year actuarial survival rates 
have been 80% and 70%, respectively. 

10.2.2.2. Experience in Other Institutions 

These techniques and principles have been adopted 
throughout the surgical community as the contribution 
of the mitral annulus, chordal structures, and LV geom- 
etry to LV function were further understood. 14 - 72 ~ 77 

Numerous studies, from the other major surgical 
institutions, of MV repair in ischemic and idiopathic 
DCM have also noted acceptablelow operative 
mortality and been successful in relieving MR in 
CHF patients. 

Chen from Brigham and Women's Hospital pub- 
lished in 1998 a report of 81 patients undergoing 
MV surgery for MR in DCM with 11% total peri- 
operative mortality. In this series, LV mean ejection 
fraction (LVEF) improved from 24% to 32% and 
there was an improvement in NYHA class from 3.2 
to 1.6. Estimated survival in this study was 73%, 
58%, and 38% at 1, 3, and 5 years, respectively. 78 

Bishay and colleagues in Cleveland Clinic 
Foundation reported in 2000 on 44 patients with iso- 
lated MV surgery with LVEF below 35% with a 2.3% 



Figure 10.6. Geometric mitral valve (MV) repair for heart failure. Successful augmentation of the zone of coaptation 
(ZC) and prevention of recurrent MR can be achieved with placement of an undersized circumferential annuloplasty 
ring performed with multiple annular sutures. Note the changes in the relationship of the papillary muscles in the left 
ventricle (LV) in the new geometry following MV repair. 
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mortality. In this series, LVEF improved from 28% 
to 36% and NYHA functional class decreased from 
2.8 to 1.2. Survival was 89%, 86%, and 67% at 1, 2, 
and 5 years, respectively. Furthermore, they noted a 
decrease in the LV chamber sphericity. 79 

Bitran in Israel reported in 2001 a decrease in 
heart failure symptoms and a decrease in NYHA 
functional class without any operative mortality in 
21 patients with LVEF below 25%. 80 

Rothenburger from Germany in 2002 described 
31 patients with isolated MV surgery with LVEF 
below 30% with 6.5% mortality. In this series, LVEF 
improved from 23% to 36% and NYHA functional 
class decreased from 3.3 to 2.1. Survival was 91%, 
84%, and 77% at 1, 2, and 5 years, respectively. 
Freedom from readmission for heart failure was 85, 
79, and 68% at 1, 2, and 5 years, respectively. 81 

More recently, Calafiore and associates in Italy 
published in 2004 a series of MV repairs in 91 
DCM patients (64 ischemic and 27 idiopathic). In 
this study, MV annuloplasty was performed in 64 
patients and 27 underwent MV replacement. The 
30-day mortality rate was 4.4%. LVEF improved 
from 27% to 32% and NYHA functional class 
improved from 3.5 to 2.1 in the 69 survivors. 
Interestingly, the probability of being alive at 5 
years was 78% and was higher in the MV repair 
group (81%) than in the MV replacement group 
(67%). The probability of being alive at 5 years 
with an improvement of at least one NYHA class 
was 66% and was higher in the MV repair group 
(77%) than in the MV replacement group (52%). 
Published series have come from numerous other 
units and countries and now constitute hundreds 
of cases performed with less than 5% mortality. 82 

The Acorn passive ventricular restraint device 
has also been studied in this group of patients. 
In the most recent Acorn series, a prospective, 
randomized and controlled, multi-institutional, 
multisurgeon experience in 193 patients with MR 
and a mean EF of 23.9%, LV end-diastolic dimen- 
sion 69.7 mm, in which most of them underwent 
undersizing geometric MV repair, showed that 
MV surgery in DCM patients with MR could be 
performed with a 1.6% 30-day mortality. One- 
and two-year survival rate was 86.5% and 85%, 
respectively. This Acorn trial is also a unique 
opportunity to assess the long-term efficacy of 
MV surgery in patients with heart failure. In this 
report, surgery patients had a significant increase 


in 6 min walk times immediately after surgery and 
were associated with significant improvements 
in two different QOL measures. Surgery patients 
were also associated with a remarkable reversal 
of LV remodeling, as manifested by a decrease 
in LV end-diastolic and end-systolic volume, 
an improvement in LVEF and sphericity index, 
and a reduction in LV mass. MR was effectively 
reduced and maintained for at least 18 months of 
follow-up. 83 However, the Acorn cardiac support 
device (CSD) has not been approved by the Food 
and Drug Association (FDA), because the material 
used to make the device makes further surgery 
very difficult if it is a transplant and impossible if 
the native heart is to be preserved. 

Many lessons have been learned in these geo- 
metric MR patients and further understanding 
and advances continue to be published in clinical 
and basic studies. The anterior trigone to trigone 
distance does enlarge in this type of CHF patient 
and it is not a good or useful guide for ring 
sizing. Anatomic and laboratory studies have 
confirmed this dilation of the anterior trigone to 
trigone distance from ischemia and DCM. 39 ' 84,85 

It has recently been reported that partial ring 
annuloplasty, not complete ring annnuloplasty, is 
more likely to fail requiring repeat intervention. 84 
Furthermore, undersizing or downsizing has been 
shown to be helpful not only in abolishing MR but 
also in remodeling the base of the heart from the 
"bending" of the mitral annulus. This geometric 
rearranging may have helped reestablish an ellip- 
soid shape to the base of the LV cavity. However, 
it should be noted that there is also emerging evi- 
dence that despite good early results, undersized 
annuloplasty does not serve all patients well in the 
short or intermediate term. 

Based on the continually evolving understanding of 
this complex disease process and clinical experience, 
geometric MV repair by using the simple, under- 
sized, overcorrected, complete ring annuloplasty 
is safe and effective for improving both symptoms 
and heart function in the short-term. However, the 
durability and survival benefit of this procedure is 
still open to question. It should be underscored that 
symptom reduction, reduced hospitalization, and 
improvement in QOL should be the treatment 
targets for these patients in heart failure. 

Figure 10.7 shows the different types of rings 
commonly used to repair MR. 
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Figure 10.7. Range of rings available, a Flexible Rings. The Duran Ring which is flexible, and can be partial or 
complete, b The flexible Simplicit band. Rigid Rings, c Semi-rigid Band — CG band, d GeoForm Ring. Oblique 
view of the GeoForm (Edwards Lifesciences) mitral annuloplasty ring. Note the posterior ring design element which 
reverses the adverse changes in the posterior mitral annulus associated with geometric mitral regurgitation. 


10.2.2.3. Unresolved Issues, Future 
Perspective 

Despite these new insights, residual or recurrent 
MR and, more importantly, limited LV reverse 
geometric remodeling have also been noted and 
potentially limit long-term improvement. 86-88 LV 
remodeling is characterized by progressive LV 
dilatation with a change in the heart from an ellipse 
to a more spherical shape and is one of the strong- 
est predictors of mortality in heart failure patients. 


Despite optimal surgical and/or medical therapy, 
heart failure is often progressive without reversal 
of LV remodeling. Surgical CHF treatment must, 
therefore, be aimed not only at MR but, more 
importantly, also at LV reverse remodeling. 89,90 

In a recent retrospective analysis from our 
institution, the effect of MV repair was compared 
with medical therapy in heart failure patients 
with severe MR. Wu et al. examined 293 patients 
treated medically and 126 treated with MV repair, 
all with severe CHF, and found that MV repair 
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did not predict a mortality benefit. 91 In this non- 
randomized, but propensity-matched series, the 
results showed qualitative improvement, but there 
appeared to be little mortality benefit of MV repair 
for geometric MR in advanced heart failure and 
severe LV dysfunction over the 10-year period of 
the review. Indeed, the only predictor of mortal- 
ity in this study, as in every CHF trial, medical or 
surgical, was reverse remodeling, which did not 
correlate well with the abolishment of MR. CHF- 
associated MR from LV geometric distortion does 
not preclude successful MV repair. However, it 
may be inferred that reducing MR in these patients 
may not be "enough," as MR is a late marker for 
CHF. 92 93 Interestingly, with further analysis of the 
same data set, there is favorable trend upon mortal- 
ity, during the last 5 years of the study, when MV 
repair evolved to include earlier surgical referral 
for CHF patients, and the use of rigid smaller, 
remodeling rings. Similarly, the recently presented 
Acorn trial results also showed QOL benefit, but 
did not have a mortality benefit. 

In this setting, when recurrent MR might prove 
to be the final pathway by which a patient decom- 
pensates, it might be worthwhile considering alter- 
natives such as MV replacement with complete 
preservation of chordal supports. 

Editor's Note: In our experience at The 
University of Chicago, we have found a group of 
patients with bad ventricles, especially with very 
tethered posterior leaflets or very large ventricles, 
to have suboptimal long-term results with tight 
mitral annuloplasty alone. In these patients, either 
as a first procedure or at redo surgery, we prefer to 
reconstruct the MV with a chord preserving pros- 
thetic MV replacement. 

Young patients tend to get mechanical MV pros- 
thesis as shown in Figure 10.8. 

Older patients (over the age of 60-65 years) usu- 
ally get a porcine bioprosthetic valve with chordal 
preservation. This is shown in Figure 10.9. 

In a recent review from the University of 
Michigan, we also looked at the outcome in 289 
patients with EF < 30%, who received an undersized 
complete mitral ring as their geometric MV repair 
procedure. Of these, 170 patients had a flexible 
ring. In follow-up, 16 "flexible" patients (9.5%) 
required a repeat procedure for significant recurrent 
geometric MR and CHF (10 replacements, 3 rere- 
pairs, and 3 transplants). In contrast, 119 patients 
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Figure 10.8. Mitral valve replacement with a mechanical 
prosthetic valve, with preservation of chordal supports. 
This technique is suitable in younger patients. 


with an EF < 30% received an undersized nonflex- 
ible complete ring. Only one "nonflexible" patient 
required a repeat MV procedure for recurrent MR 
secondary to ongoing ventricular remodeling and 
two patients required a heart transplant (2.5%). 
A significant difference in reoperation rates, for 
recurrent MR, between the groups was noted at 
p = 0.012. There were no differences between 
groups, in terms of age, ring size, preoperative 
EF, LV size, MR grade, or NYHA class. 40 From 
this study, it is concluded that the use of a flexible 
ring appeared to be associated with an increased 
incidence of recurrent MR and deserves further 
investigation through a randomized trial. 

Recent developments in M V repair have included 
newer rings aimed at three-dimensional modulation 
of LV geometry through an annular approach. 94 The 
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Figure 10.9. Mitral valve replacement with a porcine 
bioprosthetic valve with maintenance of chordal sup- 
ports. This technique is suitable in older patients and 
patients with limited life expectancy. 

GeoForm ring (Edwards Lifesciences, Irvine, CA) 
is a unique nondeformable titanium three-dimen- 
sional device aimed not only at abolishing MR 
but also at acutely initiating reverse LV geometric 
remodeling and was developed by Dr Boiling and 
Dr Alfieri. The anteroposterior (AP) or septal-lateral 
diameter is 40% reduced compared with standard 
ring dimensions. This AP reduction has been 
shown in mathematical computational modeling 
and in animal studies to dramatically abolish MR. 
This reduction in AP diameter was more effective 
than a reduction at PI or P3 areas of the mitral 
annulus, even for "asymmetric" MR. While the 
GeoForm is reduced in AP diameter, the effective 
orifice area (EOA) of the ring is correspondingly 
bigger than a same size standard ring, due to 
the complex three-dimensional orientation of the 
orifice and mitral stenosis has not been seen. 



Figure 10.10. Superior view of the GeoForm (Edwards 
Lifesciences) mitral annuloplasty ring. The three- 
dimensional cross-sectional area is not restrictive to 
atrial blood flow. 


The three-dimensional nature of the GeoForm is 
directed to altering the geometry of LV. Based on 
the double toroid or saddle shape of the normal MV 
during systole, the mid-posterior ring is elevated 
6 mm superior and drawn 5 mm anteriorly. Figure 
10.10 shows the shape of the ring. From the sur- 
geons' viewpoint, this shape in essence "moves" 
the LV and mitral annulus upward and forward as a 
whole to the normal position, directly reversing the 
trend of the CHF ventricle to "fall" down and out- 
ward. Although coronary alteration is a theoretical 
concern of this shape, there has been no circumflex 
bending or resultant ischemia in any implant, animal 
or human. Additionally, chordal tensioning studies, 
both by computer modeling and in pulse duplica- 
tors, actually demonstrated less chordal tension after 
GeoForm implant, which corrects LV geometry, 
than in the original state of a large myopathic, round 
heart. There has not been any chordal rupture fol- 
lowing GeoForm implant. The three-dimensional 
echocardiographic picture in Figure 10.1 1 shows the 
ring maintaining the saddle shape of the annulus. 

Between January and November 2004, in this 
initial feasibility series, 10 consecutive, nonrand- 
omized CHF patients at the University of Michigan 
Medical Center, with ischemic or nonischemic 
DCM and refractory moderately-severe or severe 
MR, were studied prospectively. Patient ages 
ranged from 53 to 79 years (mean 73 + 6 years). 
Five patients had nonischemic DCM, while five 
had ischemic disease. No patient was felt to have 
an acute myopathy. Preoperatively, six patients had 
NYHA class IV CHF and four had class II-III. The 
mean duration of documented cardiomyopathy or 
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Figure 10.11. Postoperative three-dimensional echocar- 
diography of a mitral repair performed using the 
GeoForm (Edwards Lifesciences) mitral annuloplasty 
ring. Note the apposition of the central areas of the ante- 
rior and posterior mitral valve (MV) leaflets which help 
to establish a zone of coaptation (ZC) and abolishing 
mitral regurgitation. 

symptomatic CHF was 4 + 6 years. Mean preopera- 
tive EF was 27 ± 11 (6-41%). 

At the time of surgery, patients underwent MV 
repair with a GeoForm remodeling annuloplasty 
ring. Coronary artery bypass grafts (mean 2.9) were 
placed in five patients with coronary artery disease. 
Additional procedures included tricuspid valve annu- 
loplasty in seven patients, atrial septal defect (ASD) or 
patent foramen ovale (PFO) closure in four patients, 
and modified Maze procedure in four patients, where 
indicated. There were no operative deaths. 

There were no in-hospital deaths and the mean 
duration of hospitalization following surgery was 
5.2 days (range 4-23 days). Follow-up was avail- 
able for all patients. At a mean follow-up of 5 
months, all surviving patients are in NYHA class I 
or II. The NYHA class significantly fell for every 
patient individually from a mean of 3.2 + 0.4 to 1.4 
+ 0.4 for the entire group. 

Follow-up echocardiography at 1 week and 
at 3 and 6 months was obtained in all patients. 
The mean transmitral gradient on follow-up at 1 
week was 3 + 1 (range 1-5) mmHg. All patients 
had a marked reduction in sphericity, regurgitant 
volume, and regurgitant fraction, and signifi- 


cantly improved LV EF, end-diastolic volume, and 
end-systolic volume. There have been two late 
deaths, following GeoForm MV repair. One late 
death occurred as a consequence of recurrent 
acute respiratory distress syndrome (ARDS) (extra 
corporeal membrane oxygenation (ECMO) (sup- 
ported patient, EF = 6%) and CHF at 5 months 
and the other was from acute sudden death at 1 1 
months, while watching television. 

Interestingly, these GeoForm patients not only 
demonstrated immediate clinical improvement but 
also showed acute favorable changes in LV geom- 
etry as shown by echo at 5 days post-op; decreased 
LV volumes, sphericity, and tenting height with 
an increase in EF, as opposed to the expected 
drop in EF when MR is corrected. These types 
of changes are not dependent on volume load- 
ing and are not usually seen acutely with echos 
following the use of standard rings. These beneficial 
changes demonstrate potential acute reverse 
remodeling because of the three-dimensional- 
shaped GeoForm ring in addition to the slow and 
chronic reverse remodeling. This favorable trend 
also appeared to be sustained in these high-risk 
geometric MR patients in short-term early obser- 
vation (Figure 10.12). 

The GeoForm ring appears to not only improve 
MR but, far more importantly also reverses the LV 
remodeling acutely and chronically associated with 
CHF. Larger series with longer follow-up will be 
needed to confirm this novel approach. 

Editor's Note: While this is an exciting new 
ring and shows early promise, we have had at 
least one instance of mitral stenosis and one of 
mitral ring dehiscence with this ring placed in 
other institutions. As with all rigid structures try- 
ing to constrain a dynamic mitral annulus, there 
may be excessive tension on the implanting 
sutures. Despite all the theoretical benefits of sep- 
tal-lateral cinching of the mitral annulus in animal 
models, it must be remembered that addressing 
the annulus alone in patients where the abnormal- 
ity is in the underlying ventricle may be a solution 
doomed to failure. 

10.2.3. Patient Selection for Geometric 
MV Repair 

Based on our clinical experience, the relative contrain- 
dications to MV operations include right ventricular 
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Pre and post operative mid-inferior segment volume changes 
during one cardiac cycle 
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Figure 10.12. LV volume changes obtained on postop- 
erative day 5 following geometric mitral valve (MV) repair. 
Increases in regional ejection fraction (EF) in the inferobasal 
wall are shown, which is the opposite of the decreased EF 
expected following mitral valve replacement based on 
historical teaching. Courtesy of Nadia Nathan, MD. 


failure, severely enlarged LV diameter and volumes, 
elevated pulmonary artery pressures, and extremely 
high norepinephrine levels, tumor necrosis factor 
(TNF), and brain natriuretic peptide (BNP). All 
of these are markers of long-term end-stage CHF. 
These were all absolute contraindications early on 
in our series but we have since relaxed these con- 
siderably over time as our experience has grown 
and newer surgical techniques and patient manage- 
ment strategies have evolved. 

Exact patient selection criteria remain to be elu- 
cidated, but these criteria must be considered when 
evaluating high-risk patients for MV repair. It is 
important to follow these patients closely after their 
procedures as the role of careful medical manage- 
ment of their heart failure should be emphasized. 

It is important to decide which patients would 
benefit from MV repair and which patients are 
likely to fail with a MV ring annular approach. 
A recent presentation by Dr Alfieri's group suggested 
that the factors associated with positive outcomes 
in geometric MV repair in DCM were presence 
of reverse remodeling (>15% reduction in LV 
end-systolic volume), resolution of inferior wall 
ischemia, and successful ablation of atrial fibril- 
lation. Conversely, patients without these features 
tended to have a poor outcome with MV repair. 


Therefore, in this group of patients, it is important 
to conduct a study comparing MV repair using 
a small ring and a MV replacement with total 
chordal preservation. 

10.2.4. Other Innovative Options 
to Approach Geometric MR 

There are many other innovative surgical and 
interventional options to approach geometric MR 
that have been emerging and evolving, including scar 
resection with papillary muscle reimplantation, 95 
intraventricular papillary muscle imbrication, 96 
external infarct LV wall plication, 97 chordal 
cutting, 98 papillary muscle sling, 99 papillary 
muscle relocation, 100 BACE, Myocor, Myosplint, 
Coapsys: external bands buttressing device, 101 
localized epicardial balloon patch, 102 percutane- 
ous annular reduction by coronary sinus compres- 
sion, 103 and percutaneous intraluminal edge to 
edge repair by using clip. 104 Most of these are still 
in experimental phase. Some are in preliminary 
clinical trial or small clinical series. The effec- 
tiveness, safety, and durability of these techniques 
remain to be studied. 

10.3. Summary 

Considering the increasing incidence and growing 
population of patients with CHF, there remains a 
need for effective medical treatment options, and 
also effective nontransplant, nonmechanical circula- 
tory support device surgical treatment options. In 
an effort to solve these problems, many alterna- 
tive surgical and interventional strategies to treat 
heart failure have been emerging and evolving. 
Geometric MV repair is one of these important treat- 
ment options and the growing experience with this 
technique has evolved to the point that the current 
excellent results need to be tested by a prospective 
randomized clinical trial. 92 The procedure is safe 
with operative mortality rates of under 5% reported 
from most of the major institutions in the world. 
The most recent Acorn study which included multi- 
institution and multisurgeon results reported an 
operative mortality rate of only 1.6% for MV surgery 
including valve replacement with nonischemic DCM 
patients. 83 This study also showed that MV surgery 
was associated with an immediate improvement 


176 


Y. Suzuki et al. 


of QOL and a chronic reversal of LV remodeling. 
In addition to the benefits of eradicating MR, poten- 
tial benefits of this conventional surgical therapy, 
that is, the benefits of reverse LV remodeling, 
should be extended to the other patient subgroups 
not previously considered for surgical intervention. 
Findings of a future prospective randomized control 
studies could make this new therapeutic option 
available to millions of patients who suffer from 
MR and CHF. However, it must be remembered that 
geometric and ischemic mitral regurgitation are due 
to dysfunction of the ventricle and not just the annu- 
lus. Hence the most effective solutions will probably 
need to incorporate ventricular components while 
maintaining valvular integrity. 

Key Points to Remember 
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Destination Therapy with Permanent 
Mechanical Circulatory Assist Devices 

Murali Macherla and Valluvan Jeevanandam 


11.1. Introduction 

Effective treatment of end-stage heart disease 
in the emerging population of nontransplantable 
candidates has been a challenge. Long-standing 
research, combined with technological advance- 
ment in the latter half of last century, has made 
permanent mechanical circulatory assist devices 
a reality, albeit of limited time in this group of 
patients. Presently, congestive heart failure (CHF) 
is diagnosed in more than 550,000 US residents 
every year, adding on to the 5 million already 
afflicted by the disease. 2 

11.2. Genesis of Circulatory Assist 
Devices 

The use of a left ventricular assist device was first 
reported by Hall et al. in 1964, with the device con- 
nected between the left atrium and the descending 
aorta. 3 DeBakey et al. successfully used a paracor- 
poreal device in a cardiogenic shock patient, who 
survived and was discharged from the hospital after 
device explantation. Triggered by the success of 
sustaining circulation with mechanical assistance, 
assist devices were used in various permutations 
and combinations including temporary assistance, 
bridge to transplantation, artificial heart, and as 
permanent assist device. 

The treatment of CHF due to left ventricular 
dysfunction has evolved dramatically in the past 
decades. 45 Advances in medical treatments have 
helped patients in all stages of heart failure, even 


those with New York Heart Association (NYHA) 
class IV symptoms. 6,7 Although transplantation 
is the gold standard, its availability is limited by 
the shortage of donors, complications of immu- 
nosuppression, infection, and chronic allograft 
vasculopathy. 8 

These statistics have focused attention on 
mechanical circulatory assist devices for longer or 
permanent use. Mechanical energy was utilized by 
the investigators in three forms: 

1. Pulsatile volume displacement: Augment systolic 
and diastolic pressures of the heart, demon- 
strated by concepts such as dynamic cardio- 
myoplasty, 9 the Heart Booster (Abiomed Corp, 
Danvers, MA), 10 and Direct mechanical ven- 
tricular actuation (DMVA). 11 

2. Continuous flow: Augment circulation by drain- 
ing blood from the heart and pumping it to the 
arterial system with enough force to maintain 
adequate blood pressure. 

3. Counterpulsation: This method of mechanical 
assistance supplies energy to portions of vascu- 
lar system, decreasing the workload, increasing 
diastolic blood flow, and increasing the cardiac 
output. 

11.2.1. Abiomed Heart Booster Device 

This is a pericardial assist device which was tested 
successfully in calves. Prototypes of the device 
were made with fiber reinforced angioflex sheets 
arranged like a fan (Figure 11.1). The contractile 
elements are a string of adjacently placed fine 
tubes. Inflation and deflation of these tubes provide 
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Figure 11.1. Heart Booster Abiomed. 


systolic assistance to the heart. Negative pressure 
during diastole collapses the tubes completely 
and does not interfere with the diastolic filling. 
This device is wrapped around the ventricles 
and attached to the pericardium. Figure 11.1 
shows the Abiomed Heart Booster device around 
the heart. 


11.2.2. Direct Mechanical Ventricular 
Actuation 

DMVA (Figure 11.2) is different from other peri- 
cardial assist devices, in the sense that the ven- 
tricular support cup is made of silicone rubber and 
is vacuum assisted, and pneumatically driven aug- 
menting systole. Lack of diastolic augmentation is 
the pitfall in this device. Like the Abiomed Heart 
Booster device, this device does not come in con- 
tact with blood, thereby avoiding the complications 
of hemolysis, thromboembolism, etc. Implantation 
in bovine models has been successful. 

11.2.3. Ventricular Assist Devices 

Initially, it was thought that total heart replace- 
ment would be necessary, such as the Jarvik 7. 
The Jarvik Heart was implanted into Barney Clark, 
a dentist in 1982, by Dr William Devries at the 
University of Utah. Barney Clark lived for 112 
days, with the postoperative period complicated 
by infections and strokes. It became clear that 
a vast majority of patients would benefit from 
implantation of ventricular assist device alone. The 
HeartMate/Thoratec (Thoratec Inc., Pleasanton, 
CA) and Novacor (WorldHeart Corporation, 



Figure 11.2. DMVA Anstadt cup. 
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Ottawa, Canada) are first-generation left ventricu- 
lar assist system (LVAS) specifically developed 
for permanent implantation. The initial experience 
was in patients as a bridge to transplantation and 
these devices were Food and Drug Administration 
(FDA) approved for this indication. 

Both these devices are electrically driven and 
have an inflow valve and an outflow porcine valve. 
These devices are implanted in the intraperitoneal 
or in the preperitoneal space, and vented to the 
outside. They drain blood from the left ventricular 
(LV) apex to the ascending aorta, or right atrium/ 
right ventricle to pulmonary artery, depending 
upon the side of the heart supported. External drive 
lines connect the devices to controllers. 

Precedence was set by the REMATCH 
(Randomized Evaluation of Mechanical Assistance 
for the treatment of Congestive Heart Failure) trial 
for the use of left ventricular assist device (LVAD). 
The HeartMate XVE was used in the REMATCH 
trial. One hundred and twenty-nine patients with 
end-stage heart failure who were not transplantable 
candidates were included in this study. Of this, 68 
patients were randomized to receive LVAD, and 61 
were randomized to optimal medical management. 
The patients included in both groups were all in 
class NYHA IV. The average age group on optimal 
medical management (OMM) was 68 years com- 
pared to 66 years in the LVAD group. Eighty-two 
percent were males in the OMM group compared 
to 78% in the LVAD group. One-year data demon- 
strated an improvement in survival from 25% to 
52% in patients supported by the device in compar- 
ison to medical controls (graph-1, Survival curve). 
Improvement in 2-year survival was from 8% to 
23%. Based on these results, the HeartMate was 
the first device approved for permanent implanta- 
tion. Although the LVAD group showed survival 
advantage over OMM, they had their share of 
complications. The lessons learnt from LVAD 
placement were well outlined by Dembitsky et al. 10 
They can be grouped as (a) Device-related adverse 
events and (b) Non-device-related adverse events. 
These are outlined in Tables 11.1 and 11.2. 

The HeartMate device is unique in utilizing a 
textured blood-contacting surface. The textured 
polyurethane and sintered titanium spheres pro- 
mote neointimal proliferation. Since the bioactive 
surface is nonthrombogenic, no anticoagulation 
is needed. The electrically actuated pusher plate 


Table 11.1. Non-device-related adverse events. 

Event type 

Events/patient/year 

Bleeding 

0.60 

Neurological dysfunction 

0.44 

Sepsis 

0.51 

Local infection 

0.28 

Ventricular 

0.23 

Table 11.2. Device-related adverse events." 

Event type 

Events/patient/year 

Confirmed LVAD malfunction 

0.77 

Perioperative bleed 

0.41 

Percutaneous site/pocket infection 

0.35 

Pump, inflow, or outflow tract infection 0.19 

LVAD-related RHF 

0.16 

LVAD system failure 

0.10 

Device thrombosis 

0.04 


LVAD left ventricular assist device, RHF right heart failure. 
"Charts obtained from Long et al. 10 



System Air Vent with 
Controller Vent Filter 
inserted 


Figure 11.3. HeartMate XVE. 


design supplies energy for the pump. The housing 
is designed in a manner such that a random vortex 
is formed during each beat, leading to complete 
washout of blood with minimal stasis. The external 
components consist of two batteries and a control- 
ler weighing about 1 kg. The configuration of this 
device is shown in Figure 11.3. 
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The advanced HeartMate model XVE LVAS 
(Figure 11.11) had several modifications: (1) 
Percutaneous lead with improved strength and 
occlusion resistance, (2) Vent adapter design 
changed to prevent breakage and make it more 
user-friendly, (3) Addition of locking screws on 
pump obviate the need for conventional sutures, 
(4) Outflow graft bend prevents kinking, and (5) 
Repositioning of the diaphragm support structure 
to prevent fracture of the diaphragm. 1 1 

The device has two modes of operation: (1) Auto 
mode (2) Fixed mode. 

The fixed mode is volume independent and is 
operated at a preset fixed rate. While in the auto- 
matic mode the software in the system controller 
regulates the rate to the physiological demand. 
The rate range in both modes is 50-120 beats per 
minute. 

Novacor LVAS (WorldHeart, Ottawa, Canada), 
shown in Figure 1 1.4, is similar to the HeartMate 
with regard to placement and indications for 
use. To date more than 1,600 devices have been 
implanted worldwide. This device is actuated by 
magnetic plates. Hence, it does not have bear- 
ings that can wear down, and stop a motor. It has 
proven to be more durable than the HeartMate, 
but requires anticoagulation, and is associated 
with a cerebrovascular accident (CVA) rate of 
26%. Design changes have been implemented 
to decrease the thromboembolic rate. This is 
the first mechanical circulatory device which 
has supported a single patient for more than 
6 years. 



Figure 1 1.4. Novacor LVAS. 


Novacor II LVAS (Figure 1 1 .5) is in preclinical 
evaluations, and is a pulsatile circulatory sup- 
port device. It is totally implantable, magnetically 
driven, with minimal wear down of parts. The 
inflow conduit is connected to the left ventricle of 
the recipient and outflow to the aorta. Its unique 
double-chamber design allows the system to oper- 
ate without a volume compensator or a venting line 
through the skin. It is a smaller and quieter device 
than Novacor LVAS. 

The RELIANT (Randomized Evaluation of the 
Novacor LVAS in a Non-Transplant Population) 
trial is in progress. The objective of the study is 
to show the superiority over the optimal medical 
treatment and its equivalence to the HeartMate 
LVAD. 12 

The next generation devices are of direct pump- 
ing type, and they propel blood in a nonpulsatile 
fashion using axial flow or centrifugal technology. 
The primary advantage over the earlier devices is 
the reduction in size. These devices are not larger 
than "D" size battery and do not require venting or 
compliance chamber. They can pump up to 10L, 
depending on the afterload. Hemolysis is not an 
issue in properly placed devices. Developing con- 
trol mechanisms to prevent "sucking" of the LV 
cavity has been a challenge. If devices are left at 
high rpm, they will empty the ventricular cavity, 
entrain debris into the pump, and stop. This prob- 
lem was overcome by operating the pump at low 
rpm and not letting the ventricular cavity empty 
completely. These pumps, if optimally run, drain 
the heart and produce nonpulsatile flow. Since 



Figure 1 1.5. Novacor II LVAS. 
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Figure 11.6. Micromed Debakey pump. 
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these pumps are run lower than the maximal flow, 
some degree of pulsatility is seen because of the 
ejection from the heart. Compared to the earlier 
generation LVADs, second-generation LVADs are 
partial unloading devices. It will be interesting to 
determine whether minimal pulsatile support can 
recover a patient from heart failure syndrome. 

There are three next generation devices: (1) The 
Micromed DeBakey pump (Figure 11.6), (2) Jarvik 
2000, and (3) HeartMate II. Each device is in 
various stages of bridge to transplantation and 
destination therapy evaluation. Preliminary results 
suggest that these devices can reverse heart failure. 
The incidence of infection is similar to that with 
first-generation devices. The right heart failure 
(RHF) and bleeding complications are also similar. 
These devices require heavy anticoagulation. They 
have bearingless, magnetically levitated rotors and 
should last 5-10 years. 

This miniature pump developed with NASA 
technology measures 2.5 cm x 7.5 cm and is capable 
of pumping lOL/min. The compact design makes 
it a suitable choice for small built individuals. The 
simplicity of design with one moving part, the 
impeller, and noiseless functioning of the device 
may be attractive for the patient. The disadvantage 
is that it requires heavy anticoagulation. The infor- 
mation from the company release lists about 330 
devices that have been implanted worldwide. 

Figure 11.7 shows the Jarvik-2000 which is a 
newer generation VAD that is small (about the 
size of "C" battery) and capable of 7L/min flow 
rates. The unique design makes it totally implant- 
able in the left ventricle. The motor is enclosed in 
a titanium housing. The rotor is supported by two 
ceramic housings and has a single moving part, 
which is the titanium impeller. This device can run 
for 8-10h on a single portable lithium pack. About 
100 devices have been implanted worldwide. 



Figure 11.7. larvik 2000. 


HeartMate II LVAS (Figure 11.8). This is also 
a compact LVAS with a single moving part. This 
device is capable of pumping lOL/min. It weighs 
400 g and easily implantable. Early clinical out- 
comes suggest low thrombosis, low hemolysis, and 
low infection rate. This device is silent and vibra- 
tion free, adding to patient comfort. The hydrody- 
namic bearings are simple to operate and reliable. 
About 100 devices have been implanted so far. 

All the VADs discussed above are "obligatory" 
devices. Since blood travels outside the normal 
path and through a motorized device, these cannot 
be stopped even for short period of time, without 
the risk of blood stasis and thromboembolic events. 
Second- and third-generation devices do not have 
valves, and regurgitation is an additional problem 



Figure 11.8. HeartMate-II. 
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if the device is stopped. Depending on the device, 
the regurgitant amount can vary from 1 L to 3 L. 
The MicroMed Debakey pump is the only device 
that addresses this issue by employing a balloon 
that inflates in the outflow graft and shuts off regur- 
gitant blood flow. 

11.2.3. 1. Right Ventricular Assist Devices 

Right ventricular assist devices (RVADs) can be 
used in combination with LVAD or alone. 13 They 
work effectively if implanted before irreversible 
end organ occurs. 14 RVADs can be placed on pump 
and off pump. Ten to fifteen percent of patients 
undergoing LVAD placement require RVAD place- 
ment. The inflow cannulae are placed in the right 
atrium, right ventricle, or the right ventricle out- 
flow tract. The outflow cannula is placed directly 
on the main pulmonary artery. Newer techniques of 
cannulating the right pulmonary artery off-pump 15 
in redo patients have been reported. 

Concomitant use of RVAD with LVAD is asso- 
ciated with increased operative mortality. 17 The 
inability to reliably predict the early onset of RHF 
contributes to this problem. The best way to treat 
RHF is by avoidance. 18 Intraoperative and postop- 
erative measures can be undertaken to protect right 
heart. These include the following: 

patient selection and timing; 

serine protease inhibition; 

right heart myocardial protective techniques; 

use of leukocyte-depleted blood products; 

maintenance of perfusion and mean pressures 

(vasopressin); 

and right heart venting or bypass. 

Postoperatively aggressive treatment of acidosis; 
hyperventilation (hypocarbia); use of nitric oxide; 
AV synchrony by pacing; and early postoperative 
continuous veno-venous hemofiltration (CVVH) 
will help right heart protection. 18 


11.3. Counterpulsation 

The method of mechanical assistance is used to 
supply energy to portions of the vascular system 
to decrease the workload of the heart and increase 
cardiac output. The original work of diastolic aug- 
mentation originated in the laboratory of Charles 


Wiggers in 1953. Dr Adrian Kantrowitz and col- 
leagues began to investigate the use of a mechani- 
cal prosthesis as an auxiliary ventricle (MAV) 
that was placed in series with the circulatory 
system and could provide diastolic assistance. 19 
Moulopoulous et al. 20 experimented with an intra- 
aortic balloon pump (IABP), as did Clauss. These 
were precursors of the now ubiquitous IABP. The 
first permanent implantable balloon also known as 
the CardioVAD Implantable IABP was implanted 
in Mr. Clifford Doyle, a 73-year-old retired police- 
man, on October 30, 2000, at the University of 
Chicago hospitals. 

The concept of counterpulsation leading to 
improvement in myocardial function has been 
proven with the IABP. It is the most fre- 
quently used mechanical assist device in the 
world, (100,000 annually, personal communi- 
cation Datascope Corp.). The IABP has been 
used for the treatment of Cardiogenic shock, 
primarily ischemic as well as postcardiotomy, 
myocarditis, transplant rejection, and as bridge 
to transplant. IABP increases coronary blood 
flow and decreases myocardial work marginally. 
It is also used in chronic heart failure patients to 
recover from the state of CHF by decompressing 
the heart and bringing the myocytes to a better 
portion of the starling curve. 21 The beneficial 
effects of the balloon pump can be long lasting 
after removal. 

Cardiovad (KCV) is a nonobligatory device. The 
unique feature of this device is that the patient has 
a choice of turning off the assist device for minutes 
to hours and no anticoagulation is required. Figures 
1 1.9 and 11.10 show the CardioVAD configuration 
in a patient and the mechanism of action. This 
device has three main parts: 

1 . Blood pump, which is implanted in the aorta. 

2. Percutaneous access device (PAD), which is a 
connector and connects the blood pump to the 
external drive unit. 

3. External drive units, which come in two 
models: (1) a small battery powered model that 
can be worn in a vest or as a shoulder bag and 
(2) a portable suitcase model. 

Figure 11.11 is a photograph of the balloon with 
the stiff backing that is sutured into the aorta. 

The present eligibility criteria for the CardioVAD 
implantation include the following: 
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Figure 11.9. The Kantrowitz CardioVAD System. 



Assisted Systole Assisted Diastole 

Figure 11.10. Assisted systole; assisted diastole. 

1. 18-80 years of age (although the effect may not 
be significant in younger patients with compli- 
ant aortas). 

2. CHF not treatable with the standard medical or 
surgical methods. 


Figure 11.11. 
LVAS. 


The advanced HeartMate model XVE 


3. Not a transplant candidate. 

4. If female, are postmenopausal, surgically steri- 
lized, or practicing an effective method of birth 
control. 

5. Patient willing to live within 100 miles of the 
hospital where implantation was done. 

The pump installed is in the proximal descending 
aorta and works by 

1 . increasing diastolic blood pressure and flow, 

2. decreasing the afterload, 

3. increasing coronary flow, 

4. increasing the mean arterial blood pressure, and 

5. decreasing the workload of the left ventricle. 

The blood pump consists of an oblong, inflat- 
able bladder mounted in a semi-rigid plastic shell. 
The bladder provides about 50-60 cc of stroke 
volume. This is anastomosed to the native proxi- 
mal descending aorta using two rows of mattress 
sutures. 

The PAD consists of a Dacron covered 8-cm- 
diameter disk that rests on the abdominal fascia. 
The stem made of polycarbonate traverses the skin. 
A unique feature of the CardioVAD that decreases 
the risk of infection at the PAD site is the creation 
of biological interface. A skin biopsy is obtained 2 
weeks prior to CardioVAD placement. Fibroblasts 
are cultured and allowed to proliferate over the 
polycarbonate PAD. This biological interface pre- 
vents downward growth of the patient's epidermal 
layer, which can lead to marsupiliazation and crea- 
tion of infection-prone sinuses. 

The external drive houses the pneumatic com- 
pressor and the microprocessor to actuate the 
pump. These are connected to the PAD via a 
flexible, removable driveline. The microproces- 
sor automatically analyses the electrical signal 
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from the heart and triggers the CardioVAD 
during diastole. The compressor shuttles pres- 
surized room air between the console and the 
pump. This unit is available in two models. The 
suitcase model weighs 401b and can be moved 
around with moderate ease. The vest model 
comes in two 2.51b rectangular units of battery 
and microprocessor. 

The initial feasibility trial was designed to test 
the device at 1 and 3 months. Nine nontransplanta- 
ble patients were enrolled, of which two were bed- 
ridden. Eight male and one female patients were 
included in the study. All the patients included in 
this trial were in severe heart failure NYHA class 
IV and dependent on intravenous inotropes. No 
other treatment options were available to them. 
Age range was from 53 to 74. Seven of the patients 
were diagnosed with ischemic cardiomyopathy, of 
which five had previous CABG. One patient had 
St. Jude's aortic valve placement. The ejection 
fraction was 16 + 5% (range 9-24%). The mean 
weight loss during the year prior to KCV implanta- 
tion was 31 + 5 lb. 

Of the nine patients, surgery was abandoned in one 
patient because of severe pleural adhesions. One died 
in the operating room because of technical prob- 
lems arising from left atrial to femoral bypass. In the 
other seven patients, the CardioVAD was implanted 
with the aid of cardiopulmonary bypass (CPB). All 
of them were extubated within 48 h and survived the 
first endpoint of 30 days. The mean CPB time was 
157 min (range 120-196 min), and the crossclamp 
time was 62 min. This timing decreased to half as we 
gained more experience. There were no reoperations 
for bleeding and the mean chest tube blood loss was 
450 cc (range 250-900). Postoperatively all the 
patients were weaned of inotropes, maintaining 
the end-organ perfusion. At the time of discharge 
all the patients were on aspirin except for the patient 
with mechanical aortic valve, who was discharged 
with Coumadin. The reductions in serum creatinine, 
RA and PCWP, as well as increase in CI were statis- 
tically significant when compared with the baseline 
values. Although the quality of life parameters and 
the 6-min walk distance improved, the differences 
were not significant. 

Paraplegia can be a potential complication. The 
intercostal arteries were not disrupted, but occluded 
temporarily with a Fogarty catheter, to prevent 
back bleeding into the surgical field. Our study 


showed that the Kantrowitz CardioVAD could be 
implanted safely, with improved hemodynamics 
and reversal of heart failure. Follow-up at 1 month 
showed reduction in PCWP, RA pressures with an 
increase in cardiac index. Renal function signifi- 
cantly improved with normalization of serum creat- 
inine levels. There were late air embolism, causing 
strokes and ultimate demise of most of the patients 
at the 6-15-month mark. There were no hemolytic 
events or derangement of coagulation or liver func- 
tion parameters during the 1 -month period. 

KCV being a nonobligatory device simplifies out- 
patient management. With the only on/off patient- 
controlled switch, this device allows patients to 
carry on activities of daily life without being 
tethered to the device. KCV had device-related 
problems, which required modifications. The PAD 
connection was made air and watertight, after 
desiccated particles were noted due to seepage of 
tissue edema fluid. The PAD stem was made longer 
to fit patients with this body habitus. Two patients 
had microscopic pinholes developed in the pump. 
The blood pump was redesigned and made shorter 
and more flexible. CardioVAD II, newest version 
of this device, has been implanted twice with rea- 
sonable results. 

Our experience with the nonobligatory KCV 
showed low operative mortality and morbidity. 
Patients liked the freedom from anticoagulation 
and the simplicity of the device. However, it 
has some drawbacks. This device provides only 
partial support, and depends on some ejection 
by the native heart. It is not suitable for patients 
with impaired biventricular function, uncontrolled 
arrhythmias, or native valvular disease. 

On the basis of a similar concept, William Peters 
set up Sunshine Heart in Australia and New Zealand 
and developed C-Pulse heart (Figure 11.12). This 
assist device is in clinical trial in Australia and New 
Zealand. The first human implant was done on 
May 9, 2005. This device has balloon cuff which is 
wrapped around the ascending aorta. The balloon 
pump does not contact blood and gives 20-cc aug- 
mentation. This device placement does not require 
CPB. The driver units are similar to CardioVAD. 
Although this concept is promising, it is probably 
limited by length, and the presence of atheroscle- 
rotic disease or bypass grafts in the ascending aorta. 
Since the balloon volume is low (20 cc), the amount 
of CHF reversal remains to be seen. 
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Figure 11.12. C-Pulse heart. 


1 1 .4. Destination Therapy 

A steadily aging population has forced us to 
consider alternatives to transplantation such as 
destination therapy with VADs for end-stage heart 
failure. Ventricular assist devices have been in 
use for more than a decade. Encouraged by the 
improved outcomes of the REMATCH trial, inves- 
tigators explored the possibility of using assist 
devices as destination treatment, in patients who 
are not transplant candidates. Only 5-15% of 
patients undergoing VAD placement as a bridge 
to transplant recover the native heart function and 
undergo device explantation. 16 At present, the only 
FDA-approved device for destination therapy is the 
HeartMate XVE. Two destination therapy trials are 
underway, that is, 

1. RELIANT trial approved by FDA in 2004. This 
trial will be conducted in up to 40 clinical cent- 
ers and will enroll up to 390 patients, and rand- 
omizes patients 2:1 to the WorldHeart Novacor 
LVAS or HeartMate XVE LVAS. 

2. DELTA (Destination Evaluation Long-Term 
Assist) trial will randomize patients in a 2:1 
ratio to Micromed Debakey VAD. 

Soon, patients will have a variety of devices to 
choose for destination therapy. 

Figure 11.13 (algorithm) outlines the manage- 
ment of patients in end-stage heart failure. 


Balloon 
inflated 


Aortic valve 
closed 



b 


PT's with End Stage Heart Failure 


Non responders to Optimal medical management(OMM) 



Figure 11.13. The management of patients in end-stage 
heart failure. 

Apart from FDA-approved HeartMate for des- 
tination therapy), all the other devices discussed 
in the following section are investigational and 
available only through clinical trials. Therefore, the 
proposed algorithm will change as devices proceed 
along with regulatory approval. The HeartMate 
XVE is indicated for NYHA class IV patients, 
who (1) have a BSA > 2.0, (2) are not transplant 
candidates (historically this has been due to age, 
renal dysfunction, malignancy, or advanced dia- 
betes), and/or (3) have CHF over at least 60 days 
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despite optimal medical management. Exclusion 
criteria include (1) severe biventricular failure or 
pulmonary hypertension that could lead to right 
sided failure, (2) aortic/mitral stenosis or aortic 
valve regurgitation, (3) active infection, (4) severe 
coagulopathy, and (5) liver dysfunction. In small 
built patients, the second-generation axial flow 
pumps might be a good substitute. 

Indications for the CardioVAD are broader. The 
perioperative morbidity and mortality are lower 
due to a less traumatic nature of the procedure. 
Manipulation of a diseased heart can totally be 
avoided in CardioVad placement. It is indicated 
for a group of patients with less advanced heart 
failure. Perhaps its role would be in the NYHA 
class III to IV patients, who have borderline medi- 
cally refractory heart failure, but enough cardiac 
reserve to respond to an IABP, with decreased PA 
pressures and increased cardiac output. Patients 
failing on inotropes and IABP are not candidates 
for CardioVAD and would probably benefit from 
HeartMate or total artificial heart (TAH). 

The CardioVAD also requires 14 days for growth 
of fibroblasts and preparation of the PAD. Although 
there is no lower limit of the BSA for implantation, 
there must be at least 9 cm of descending aorta 
between the left subclavian artery and diaphragm 
to allow for device placement. The TAH would 
be preferable in patients who require biventricular 
support and have significant native cardiac valvular 
pathology or have terminal acute rejection after 
heart transplant. 

Although there is not enough clinical data to 
be definitive, these devices can be compared. All 
the devices reverse heart failure, with the TAH 
requiring the lowest amount of cardiac medica- 
tion, followed by the axial flow pumps, pulsa- 
tile LVADs, and the CardioVAD. The latter two 
are assist devices, and the patients will require 
afterload reduction, diuretics, and beta blockade. 
Medication can be reduced as peripheral perfusion 
improves and the heart recovers. Anticoagulation is 
not required for the CardioVAD or the HeartMate 
XVE. All other devices require heavy anticoagula- 
tion. The risk of thromboembolic event is lowest 
with the CardioVAD, followed by the HeartMate 
XVE and highest for the TAH. With regard to 
mechanical reliability, the HeartMate XVE and 
TAH require valves which will fail with time. 
The CardioVAD has the least complicated com- 


ponents that actually get implanted in a patient. 
The TAH is totally implantable; the axial flow 
pumps could attain complete implantability once 
the technology is fully developed. The CardioVAD 
and displacement pulsatile pumps are not totally 
implantable, and will have drivelines exiting the 
patient. Responsiveness to activity, that is, a control 
algorithm that can increase and decrease the flow 
as required by the patient, is best developed for the 
pulsatile LVADs and the CardioVAD (it is triggered 
by the patients heart rate). Control algorithms for 
the others devices are being developed. The present 
model operates in a fixed mode. 

The counterpulsation devices are nonobligatory. 
These can be stopped and started at the patients' 
discretion. Initially, these devices are operated con- 
tinuously, as the patients recovers, they can spend 
prolonged periods off the device. The patients 
can adjust the need for pumping depending on 
their symptoms. All other devices are obligatory. 
The counterpusation devices have the backup of 
native heart, in case of device failure. The active 
pump LVADs also have a backup. In the axial flow 
pumps, VAD regurgitation might prevent the native 
heart from sustaining enough forward flow. Once 
stopped, these LVADs cannot be started without a 
risk of thromboembolic events. The TAH has no 
backup, and a device failure will be catastrophic. 
Since the native heart is removed when implanting 
a TAH, pathology involving the heart does not play 
a role in device utilization. 

The counterpulsation devices are dependent on 
native heart function, LVADs need adequate right 
heart function, as well as intact LV valves. Right- 
sided circulatory failure is a major concern of the 
active pump LVADs and of minimal concern with 
TAH. Right-sided heat failure (RSHF) has not been 
a problem with counterpulsation devices in our 
clinical experience to date. 

Despite tremendous effort and expenditure, the 
ideal mechanical permanent assist device remains 
elusive. The three main categories of devices — 
active pump VADs, counterpulsation, and TAH — 
have advantages and limitations. The KCV is 
designed for intervention in advanced NYHA class 
III patients before there is severe biventricular 
failure or lack of any myocardial reserve. The 
KCV can be considered equivalent to a mechani- 
cal, permanent, non-energy depleting inotrope and 
may have a role in stabilizing or improving native 
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heart function. However, it is not a device of choice 
for acute recovery, or, if IABP pumping does 
not improve hemodynamics. In these scenarios, 
active pump VADs and TAH excel. As the devices 
improve and clinical experience with these devices 
increases, physicians will have the tools to improve 
the length and quality of life in any patient with 
end-stage heart failure. 

11.5. Key Points to Remember 
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1 . Destination therapy may be considered in eld- 
erly patients who are not transplant eligible. 

2. Other contraindications to transplantation 
would also steer patients in this direction. 

3. Destination therapy is expensive and limited 
by complications. 

4. Most devices do not last for more than 18 
months. 

5. Destination therapy is approved by the FDA 
with the HeartMate device, which is an 
obligatory LVAD. Other devices await- 
ing approval include the Novacor LVAD, 
Abiomed Total Artificial Heart, Kantrowitz 
CardioVAD, etc. 

6. Newer axial flow pumps may have an impact 
in this space, depending on ongoing trials. 
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Enabling Techniques and Technologies 

Patricia Gramling-Babb, Valluvan Jeevanandam, Jai Raman, David Song, 
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This chapter focuses on operative techniques and 
perioperative methods that facilitate high-risk sur- 
gery for heart failure in special circumstances. 
They include operative techniques such as 

1. Beating Heart Surgery in the setting of heart 
failure. 

2. Proactive management of impending right heart 
failure, including Inhaled Nitric Oxide and/or 
Right ventricular assist devices. 

3. Prophylactic Sternal Plating to reduce the risk of 
mediastinitis. 

4. Sternal sparing incisions — mini-thoracotomy inci- 
sions for mitral and tricuspid valve procedures. 

5. Complex Tricuspid Valve Repair for Pacer-defi- 
brillator related tricuspid regurgitation (TR). 

6. Prophylactic DeVega Tricuspid Valve 
Annuloplasty in Heart Transplant recipients. 

7. High Thoracic Epidurals to facilitate quick recovery 
in patients with impaired lung function. 

12.1. Beating Heart Surgery 

The primary causes of myocardial dysfunction 
in the high-risk patient with heart failure may be 
global ischemia caused by aortic cross-clamping, 
and activation of the systemic inflammatory syn- 
drome by cardiopulmonary bypass. If the patient 
requires surgical revascularization, off-pump coro- 
nary artery bypass (OPCAB) surgery delivers on 
all counts by avoiding the "pump" and the aortic 
cross-clamp. OPCAB is actually dealt with in 
detail in a separate chapter. Many of the patients 
who need surgery for heart failure often require 
combined surgery, which may include varying com- 


binations of CABG, left ventricular reconstruction, 
mitral valve surgery, tricuspid valve surgery, etc. 

While in the majority, cardioplegic arrest of the 
heart preserves myocardial function such that myo- 
cardial recovery is assured at the end of the proce- 
dure, certain specific situations may be associated 
with marginal cardiac recovery. This is especially 
true in the postinfarct setting or in the setting of 
acute heart failure decompensation with a back- 
ground of poor ventricular function. 

Our own experience in this group of patients 
numbers over 100 in the past 4 years. All of these 
patients had poor ventricular function in the setting 
of an acute exacerbation of heart failure. A quarter 
of them were in cardiogenic shock and 20% had 
established renal dysfunction. 

All of them had beating heart cardiac surgery 
that included CABG, left ventricular reconstruc- 
tion, mitral valve repair, tricuspid valve repair, 
etc., in various combinations. About 30% of these 
patients had off-pump CABG, while the others had 
a combination of procedures on pump with the heart 
beating. While suturing on a heart that is beating 
is technically challenging, these procedures can be 
done providing the surgeon takes care in handling 
the tissues. For instance, tying down a mitral valve 
prosthesis or ring can be particularly difficult in 
elderly female patients with fragile tissues. In our 
series, there were four deaths when the expected 
mortality was close to 25%. 

This can be a technically demanding feat, espe- 
cially in fragile old patients or in the setting of redo 
surgery. However, in capable hands, this technique 
helps preserve the myocardium and has a low 
chance of requiring additional mechanical support 
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of the heart at the conclusion of the procedure. 
A rising lactate level on cardiopulmonary bypass 
is a very poor prognostic sign and one that is 
associated with a mortality of over 90% in our 
experience. The only instances when patients have 
survived in this instance have been when the lactic 
acidosis is induced by an occult lymphoid malig- 
nancy such as non-Hodgkin's lymphoma. 

12.2. Proactive Management 
of Right Heart Failure 

12.2.1. Right Heart Failure is a Condition 
Best Treated by Avoidance 

This is an important adage, especially relevant to 
surgery for heart failure. The following paragraphs 
outline measures that can be used to minimize right 
heart dysfunction or treat it before it progresses to 
an irreversible, fatal outcome. 

Assessment of right ventricular function is a 
composite of visual inspection of right ventricu- 
lar contraction directly and by echocardiography. 
Additional guides are the pulmonary artery pres- 
sures and right atrial pressures. 

Careful management of right heart function 
includes the following: 

- Avoidance of overfilling and overdistension of the 
right ventricle, by large fluid boluses. In cases 
where there is a persistently high central venous 
pressure (CVP), aquapharesis or hemofiltration 
may serve a quick and easy way of getting fluid 
off and improving right heart function. 

- Careful attention to myocardial protection in 
patients undergoing procedures with cardiople- 
gic arrest. Frequent doses of blood cardioplegia 
at 10-15-min intervals certainly help. Antegrade 
blood cardioplegia preserves right ventricular 
function better than do retrograde cardiople- 
gia. In cases of right coronary artery disease, 
infusing cardioplegia down the grafts to the 
right-sided coronary arteries regularly help with 
protection. Minimizing cross-clamp time aids in 
right ventricular recovery. Adequate de-airing 
of the heart avoids "air-hits" to the right coro- 
nary circulation, further preventing deterioration 
when preparations are being made to separate 
from cardiopulmonary bypass. 


Preemptive tactics: 

- When the patient has high pulmonary artery 
pressures preoperatively, we prophylactically 
use Milrinone loaded on pump, or inhaled nitric 
oxide while the patient is being weaned off 
CPB. 

- Optimizing atrioventricular synchrony by using 
biatrial and biventricular pacing to ensure a con- 
trolled rate and rhythm. If the patient is in atrial 
fibrillation or an uncontrolled rhythm going into 
the procedure, amiodarone is infused during 
the pump run to ensure proper loading of the 
patient. 

- Intra-aortic balloon counterpulsation is often 
used to optimize right ventricular function in the 
setting of preexisting right ventricular dysfunc- 
tion. 

- Correction of TR to ensure that the patient is 
weaned off with only trivial to mild degrees of TR. 

- At early signs of right ventricular dysfunction, 
we consider inhaled nitric oxide. If that fails, a 
decision is made to use mechanical right ven- 
tricular assistance. 

12.3. Prophylactic Sternal Plating: 
Sternal Closure with Titanium Plate 
Fixation — A Paradigm Shift in 
Preventing Mediastinitis 

Sternal instability predisposes to postoperative 
mediastinitis. Biomechanical studies have shown 
the superiority of rigid plate fixation over wire- 
circlage in sternal healing. We studied rigid plate 
fixation for sternotomies in high-risk patients. 

High-risk patients were identified as those hav- 
ing three or more historically established risk fac- 
tors for postoperative mediastinitis, such as chronic 
obstructive pulmonary disease (COPD), reoperative 
surgery, renal failure, diabetes, steroid use, obesity, 
existing infection, and immunosuppression. Three 
hundred twenty high-risk patients had prophylactic 
rigid plate fixation (groups S) between July 2000 
and January 2005. The Control group (groups C) 
comprised 215 patients with similar risk profiles 
who were not plated during 2000 and 2001. 

Average age, male-female ratio, risk factors, 
and type of procedures were similar in both 
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groups. Follow-up ranged from 4 to 200 weeks. 
There were 12 perioperative deaths (3.75%) in 
group S and 8.6% (18 patients) in group C. There 
were no instances of deep mediastinitis in group 
S. Group C had mediastinitis in 28 (13%, p < 
0.05), requiring high-dose antibiotics and plastic 
surgical intervention. 

Sternal fixation with titanium plates is an effec- 
tive way of ensuring sternal immobility, thereby 
reducing the substrate for bony infections. 
Application of this technique in high-risk patients 
prevents mediastinitis. 

12.3.1. Introduction 

Sternotomies are the most frequently per- 
formed osteotomies worldwide. Traditionally, 
cardiothoracic surgeons have been trained to close 
or approximate the sternum with wire-circlage. 
Despite improvements in the understanding of prin- 
ciples of rigid fixation with plates, these changes 
have not been applied to sternal closure, widely. 
Based on biomechanical studies in a bone analog 
model, plates and screws were adapted for use in 
sternal closure. Infectious complications leading 
to post-sternotomy mediastinitis are extremely 
morbid and the mortality rate can be as high as 
15%.' Methods for preventing post-sternotomy 
mediastinitis have included prophylactic measures 
including antibiotic therapy and various means of 
skin closure. Few have focused on rigid osseous 
fixation as a means for preventing infection despite 
experimental evidence to support it. 2 

Since Julian reintroduced Milton's (1897) 
operation of median sternotomy in 1957, 3 numer- 
ous methods for sternal osteosynthesis have been 
described. Despite evidence of the superiority of 
rigid plate osteosynthesis, the current standard 
for sternal closure remains circlage wire fixation. 
Because of the proven merits of increased stability 
and decreased incidence of nonunion, malunion, 
and infection, the principles of rigid fixation have 
caused paradigm shifts away from wire fixation of 
bone, in other areas. Circlage fixation under nor- 
mal physiologic loads can prove to be inadequate, 
leading to separation. 4 Bacterial contamination in 
the face of sternal instability can then progress 
to deep sternal wound infections and mediastini- 
tis. Effective rigid osteosynthesis of the sternum 
may prevent post-sternotomy mediastinitis from 


occurring by affording stability, promoting primary 
healing of the sternum. 

We adopted this technique of rigid plate fixation 
by modifying plates that were used in mandibular 
fixation. 

We had earlier reported on our preliminary 
experience with the use of titanium plate fixation 
of the sternum. 5 We now report on our evolving 
experience in this area. 

12.3.2. Patients and Methods 

A system of plates and screws was developed 
for specific use in the sternum by the W Lorenz 
Corp (Jacksonville, Florida), called the Sternalock 
system. The screws that were initially developed 
required predrilling of the bone and were bicortical. 
These were eventually changed to monocortical, 
self-tapping screws. 

Between July 2000 and January 2005, 320 
patients underwent internal fixation of the sternum 
with the Sternalock system. This system of plating 
was applied in patients who were considered high- 
risk based on previously described risk criteria for 
deep sternal wound infection. 

Preoperative risk factors included 

- Diabetes mellitus, 

- COPD, 

-Obesity (BMI>30), 

- Renal failure, 

- Chronic steroid use, 

- Concurrent infection and acquired or iatrogenic 
immunosuppression, 

- Immunosuppression, and 

- Redo sternotomy. 

Intraoperative risk factors included 

- Off midline sternotomies, 

- Osteoporosis, 

- Long cardiopulmonary bypass runs (of greater 
than 2 h), and 

- Transverse fractures of the sternum. 

If three or more of these factors were present, 
the patient's sternum was internally fixed with 
plates and screws that were part of the Sternalock 
system. 

Cardiac surgeons selected all patients and rigid 
plate fixation was applied immediately after the 
cardiac procedure. 
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12.3.2.1. Surgical Technique 

Care is taken to ensure a midline sternotomy. The 
presternal pectoral muscles are mobilized of the 
sternum over the body of the sternum. One figure- 
of-eight wire is placed in the manubrium and one in 
the region of the xiphisternum. The sternal halves are 
carefully aligned and approximated with a combina- 
tion of the wires and bone reducing forceps placed 
in the second and fifth intercostal spaces. The plates 
are then seated in such a way that they straddle the 
sternal halves. The plates are then secured into the 
bone with the appropriate self-tapping screws. 

As the procedure and comfort level with plating 
evolved, plates were secured to the body of the 
sternum, while figure-of-eight wires were placed in 
the manubrium and xiphisternum. Figure 12.1 is an 
artist's rendition of a plated sternum. 

Patients were followed up clinically and their 
sternal wounds assessed both during their hospi- 
tal stay and in the outpatient follow-up setting. 
Patients were followed by the cardiac surgical 
team and managed irrespective of the sternal clo- 
sure. Criteria for discharge and routine follow-up 
care did not vary. Successful sternal closure was 
defined by physical examination devoid of instabil- 



Figure 12.1. Sternum closed with a combination of 
wires and plates. 


ity, pain, wound healing complications, and radio- 
graphs showing unchanged location of hardware 
for a minimum of 8 weeks. 

For purposes of comparison, patients who under- 
went plate fixation were classified in group S and 
compared to a similar group of patients (n = 215) 
who underwent standard wire closure in 2000 and 
2001, selected on the basis of their risk profiles 
Figure 12.1 is a schematic of the sternal plates on 
the sternum and Figure 12.2 is an operative pho- 
tograph of a plated sternum. These patients were 
classified as group C. 

A biostatistician performed the statistical analy- 
sis using statistical analysis software (SAS) soft- 
ware. Fischer's exact test was used to assess 
statistical significance and a '/?' value of < 0.05 was 
considered significant. 

12.3.3. Results 

Patients were followed up between 4 and 200 weeks. 
Patients referred to us from other centers were dis- 
charged with a specific note about the sternal plates 
and the need for us to be contacted if there was a 
problem with the plates (specifically if the plates 
needed to be removed or the sternum reopened). 

Demographic characteristics, risk factors, and 
operative procedures were similar in the two groups. 

During the same study period, analysis of a simi- 
lar cohort of high-risk patients (group C) showed 
that had mediastinitis, as defined by the presence of 
positive deep sternal wound cultures and systemic 
sepsis (13% of 205 patients, p < 0.05). This required 
high-dose antibiotics and plastic surgical interven- 



Figure 12.2. Operative photograph of plated sternum. 
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tion. Mortality of 8.6% (18 patients) was noticed in 
group C. The age, gender, and risk factor distribu- 
tion were very similar to those in the study group. 
All of these patients required surgical debridement, 
sternectomies, and pectoral muscle flap closure. Of 
the 18 deaths in group C, 2 were attributed to post- 
sternotomy mediastinitis. The total number of adult 
cardiac procedures during the control study period 
was 671 and the total incidence of post-sternotomy 
mediastinitis was 4.2%. 

There was no mediastinitis in the study group 
(Fisher's exact test p = 0.0002). 

There were five instances of sterile sternal 
dehiscence (1.5%) in the presence of sternal plates. 
None of these patients had evidence of infection 
by wound culture. The first patient had very strong 
bone and the plating system was an early version 
with small screws that ripped out of the sternum. 
The second patient was also a very muscular 
patient in whom the screws seemed to rip out. Both 
these patients had intractable postoperative cough- 
ing. The other three patients were elderly diabetics 
with significant osteoporosis. The screws were not 
able to find proper purchase in their very soft bone. 
Alternative strategies are being developed for this 
select but high-risk population. 

The log rank test was not used because of the 
relatively small number of patients in the study 
group and the disparate nature of the groups. 

12.3.4. Discussion 

Few proven measures have been developed for the 
prevention of mediastinitis. This is despite many 
strides that have been made in the management 
of post-sternotomy mediastinitis. Existing modali- 
ties focus on adjunct methods to prevent bacterial 
contamination from both the surgical team and the 
patient. 6 Focusing on a more stable and successful 
technique of sternal osteosynthesis in an effort to 
prevent complications has been cited. Most revolve 
around a different pattern of wire-circlage or 
various nonrigid methods of closure. 7 Rigid plate 
fixation of the sternum, although not new, has not 
been widely used as the optimal method of sternal 
osteosynthesis for various reasons. 

Some of these include added time and expense, 
the difficulty of emergent reentry, and the avail- 
ability of a simple and effective plating system. 
One obstacle for the acceptance of rigid plate fixa- 


tion to the sternum has been the logistics of drilling 
into the sternum. This has been circumvented by 
developing a system of self-tapping screws. The 
screws are selected on the basis of sternal thickness 
and we have switched to monocortical screws. This 
means securing the anterior table of the sternum 
after lining it up appropriately. 

A second obstacle has been the issue of emer- 
gent reentry into the mediastinum for hemorrhage. 
The SternaLock plates are specifically designed 
to be cut in the middle with standard wire cutters 
found in any reentry tray. Salvage of the closure 
can then be performed with new plates and without 
redrilling by exchanging the 2.4-mm screws for 
2.7-mm emergency screws. These plates are made 
of titanium and do not interfere with magnetic 
resonance imaging. They are clearly radio-opaque 
and readily visible on X-ray imaging. 

A third obstacle to wide acceptance has been 
the cost of hardware placement and the additional 
time it takes to implant hardware. While the 
implants are more expensive than wires, the time 
taken to implant them is now less than wiring. 
At our institution, the average additional hospital 
charge for patients suffering from post-sternotomy 
mediastinitis is just over $500,000. Prevention of 
post-sternotomy complications not only can be 
fiscally sound, more importantly, it can potentially 
decrease the morbidity and mortality associated 
with this complication. The cost of the plates 
ranges from $700 to about $900 depending on the 
number of plates and screws used. 

Efficient plating systems for many other bones 
abound; a plating system specifically designed 
for the sternum was first described by us in 
2003. Previous attempts at rigid plate fixation 
of the sternum had employed mandibular recon- 
struction plates or fracture mini-plates with some 
success, but issues of emergent reentry and accu- 
rate precision placement were not addressed. 8 
Furthermore, fashioning mandibular reconstruction 
plates for the sternum was cumbersome as each 
plate had to be cut specifically for each region of 
the sternum. 

The benefits of rigid plate osteosynthesis have 
caused paradigm shifts away from wire fixation for 
orthopedic and plastic surgeons over 20 years ago. 
More recently, neurosurgeons have adopted plate 
fixation of bone flaps in the past 5 years. Cardiac 
surgeons are the only surgeons who continue to 
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fix bone with wire-circlage. Ironically, cardiac 
surgeons perform the sternotomy, which is the 
most common osteotomy worldwide. Yet, as a 
group we have not adopted the state-of-the-art 
techniques in stabilizing this osteotomy. In the 
setting of a surgically created osteotomy or fracture 
treatment, a failure rate even less than 5% might 
be considered unacceptable but may be tolerated 
by the patients. However, in the setting of the 
sternotomy, this failure rate may have devastating 
complications such as nonunion, persistent pain, 
and deep sternal wound infection. 

Complications of median sternotomy have been 
reported ever since the early and widespread 
adoption of this common technique. 9 Sternal 
stability has always been regarded as essential 
for normal healing of these wounds. There was 
a report from our unit in 1994 on the use of rigid 
internal fixation in postoperative mediastinitis, 
with bony union being achieved in more than 90% 
of patients. 9 Others have used plates to provide 
a template for more rigid fixation 10 in sternal 
dehiscence. Cyanoacrylate glue has been used in 
mediastinitis even with the risk of toxicity in an 
attempt at improving sternal stability. 1 1 Negri and 
coworkers evaluated a new technique using ther- 
moreactive clips that seemed to improve the rate 
of wound infection but did not eliminate it. 12 Our 
approach was to use the best existing techniques 
of osteotomy closure and adapting them to the 
sternal situation. As we grew more familiar with 
the technique of rigid plate fixation, we made 
modifications. We found that using a figure-of- 
eight wire in the manubrium and the xiphisternum 
assisted in approximation of the bone along with 
the reducing forceps. We found this combina- 
tion approach to be cost-effective and efficient. 
Therefore, many of the patients received two 
wires and two plates. 

On the basis of our early success in a high- 
risk population with a historically high rate of 
complications, we embraced the concept of rigid 
plate fixation. This report highlights the fact that 
rigid plate fixation can dramatically reduce sternal 
wound infection if used prophylactic ally in high- 
risk patients. While it may not eliminate sternal 
deshiscence completely, it can provide a way to 
ensure secure closure in a variety of patients who 
are at increased risk of wound infections and poor 
healing. 
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12.4. Key Points to Remember 


12.5. Sternal Sparing Incisions — 
For Aortic, Mitral, and Tricuspid 
Procedures (Mini-Thoracotomy 
Approach) 

This approach is a by-product of the "robotic" push. 
In the lead up to our own robotic program, we went 
through a learning phase and eased into it by per- 
forming a range of "mini-mitral" procedures. 

The absolute indication for this approach seems 
to be the complex redo mitral or tricuspid procedure 
in a patient with patent coronary artery grafts. The 
use of these techniques avoids unnecessary dissec- 
tion around the ventricles, damage to patent grafts 
and other cardiac structures. It is very possible to 
hone in on the valve concerned, either mitral or 
tricuspid. Since the morbidity of these procedures 
is remarkably less than those of redo sternotomies, 
patients tolerate these much better. In our experi- 
ence, there is a trend toward lower mortality with a 
dramatic reduction in morbidity. 

Details of this procedure include the following: 

- Double lumen endotracheal tube. 

- Appropriate positioning with the patient's right side 
up at 45° and the right arm positioned abducted 
and supported along a crossbar (Figure 12.3). 

- The right groin is marked after the patient is 
positioned, so that the femoral artery and vein 
can be easily dissected out for cannulation 
through a small oblique incision. 

- The chest is marked to outline the right border of 
the sternum, the second, third, and fourth inter- 
costal spaces (Figure 12.4). 

- The right lung is deflated and the chest entered, 
usually through the fourth intercostal space for 


Sternal fixation with custom-made plates is 
a safe and effective technique. Experience 
with this technique of rigid sternal osteo- 
synthesis has shown a dramatic reduction in 
wound infections associated with sternotomies 
in high-risk patients. Consider rigid plate fixa- 
tion of the sternum in patients with obesity, 
diabetes, COPD, immunosuppression, redo 
surgery, and multiple sternal fractures. 
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Figure 12.3. Positioning with skin marked and arm 
being positioned. 

the mitral and the second or third intercostal space 
for the aortic valve. Simultaneously, the right 
groin is opened through a small oblique incision 
to prepare the femoral vessels for cannulation. 

- The pericardium is opened, and hitched up to the 
chest wall. The right atrium and superior vena 
cava are then identified. The interatrial groove 
is then developed. 

- The right femoral vein and artery are cannulated 
in sequence under transesophageal echocar- 
diographic guidance. The venous line has a "Y" 
attachment to allow an additional cannula to be 
placed in the superior vena cava through the 
thoracotomy incision. 

- The patient is then connected to cardiopulmonary 
bypass through the cannulae in the groin with 
additional direct drainage through the SVC. 

- Further dissection of the atrium and aorta is 
carried out. Attempts are made to dissect out 
the aorta to allow a transthoracic clamp to be 
applied midway along the ascending aorta. 

- A cardioplegia is placed low on the ascending 
aorta and the aorta then clamped. 

- The atrium is then opened and the appropriate 
valve procedure performed (Figure 12.5). 

- A 5-mm thoracoscope is inserted from below the 
incision through a separate port and the screen 
placed directly in front of the primary surgeon. 

- The ventricular pacing wires are placed before the 
patient is weaned off cardiopulmonary bypass. 

- If the aortic cross-clamp cannot be applied, the 
patient is cooled to 28 °C and the procedure per- 
formed with the heart beating. 
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Figure 12.4. Skin markings to get orientation in the 
right chest. 

- De-airing is aided by using carbon dioxide insuf- 
flation at about l-2L/min. 

- Prior to removal of the cross-clamp, the left lung 
is inflated and air evacuated. 

- Once the procedure is completed, and the patient 
weaned off CPB, the scope is used to visualize 
all the areas inside the chest wall where instru- 
ments have passed through to ensure no bleeding 
points are missed. 

12.6. Key Points to Remember 


Mini-thoracotomy is a very useful approach in 
complex redo patients. 

This approach can dramatically reduce the 
morbidity in most patients undergoing aortic, 
mitral, and/or tricuspid valve procedures. 


12.7. Complex Tricuspid Valve 
Repair in Patients with Pacer- 
Defibrillator Related Tricuspid 
Regurgitation 

12.7.1. Introduction 

The tricuspid valve is almost always traversed 
when a permanent pacemaker is implanted through 
the transvenous route. Despite the knowledge 
that mild degrees of TR can be caused by the 
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Figure 12.5. View of the mitral valve through a mini- 
thoracotomy. 

ventricular lead going across the right-sided atrio- 
ventricular valve, 13 this often does not have a clini- 
cal consequence. Occasionally, pacing leads were 
known to have caused severe TR. 14 Better lead 
design in the 1980s corrected this potential problem, 
making ventricular leads unlikely to cause TR in 
most patients. 

The lifesaving properties of implantable cardio- 
verter-defibrillators in patients with poor ventricular 
function have been effective in reducing the risk of 
sudden cardiac death. 15 Despite the evidence of these 
expensive devices being effective predominantly in 
patients with ischemic heart disease who have suf- 
fered a significant myocardial infarction, there is 
widespread use in many patients with poor ventricu- 
lar function. Be that as it may, these implantable 
cardioverter-defibrillators seem to confer a survival 
benefit. 16 Patients who have poor ventricular func- 
tion and heart failure are now increasingly being 
referred for surgical intervention. Some of them 
present with TR of varying grades in addition to 
their underlying myocardial and valvular conditions. 
When patients with these devices implanted in them 
present for surgery, they present a conundrum. Do 
we operate on these tricuspid valves, which if we 
leave alone can cause significant morbidity and/or 
mortality? Repair of these tricuspid valves can be 
difficult because the valvular regurgitation is fre- 
quently caused by the stiff ventricular cardioverter- 
defibrillator lead impinging on the septal leaflet and 
not due to annular enlargement. 17 

The other option, namely, tricuspid valve replace- 
ment, is an option with major problems not the least 
of which is that the cardioverter-defibrillator needs 


to be changed to a suboptimal epicardial system. 
Controversy exists about the kind of valve to use, 
even though both bioprosthetic and mechanical 
valves are uniformly poor in long-term outcomes. 18 
We describe a new technique that preserves the 
leads, the tricuspid valve leaflets, and mechanism 
with an annuloplasty to deal with this condition. 
This publication details our early experience with 
this technique. 

12.7.2. Patients and Methods 

Our experience started in January 2005 and we 
studied patients up to July 2006. During this period, 
at the University of Chicago, 27 patients under- 
went complex tricuspid valve repair for TR in the 
presence of previously implanted transvenous car- 
dioverter-defibrillator leads. All of the patients were 
symptomatic with NYHA class III or IV: The mean 
age of the patients was 67 years, ranging from 38 to 
80 years. Fifteen of these patients or 55% underwent 
redo surgery. Seven of these patients underwent pro- 
cedures through a right mini-thoracotomy. Five of 
them had the redo procedure for the third or fourth 
time. Associated procedures included mitral valve 
reconstruction in 21 patients, CABG in 11 patients, 
left ventricular reconstruction in 8 patients, and aor- 
tic valve replacement in 3 patients. 

12.7.2.1. Surgical Technique 

The right atrium was opened with a longitudinal inci- 
sion and the tricuspid valve assessed. Stay sutures 
were placed above the valve annulus in the atrium to 
display the valve. The mechanism of TR was assessed 
with the heart beating on cardiopulmonary bypass 
once it was established that the TR was predominantly 
due to the cardio-defibrillator lead pushing the septal 
leaflet into the right ventricular carity and preventing 
it from coapting with the other leaflets. Figure 12.1 is 
an intraoperative photograph demonstrating the stiff 
defibrillator lead pushing on the septal leaflet as it 
traverses the tricuspid annulus (Figure 12.6). 

The pacer-defibrillator lead is then mobilized and 
freed of any adhesion to the leaflets. The lead is 
then positioned in the potential "cleft" between the 
septal and inferior leaflets of the tricuspid valve. 
This "cleft" is then closed over the lead with 
one or two 5/0 Ticron sutures. The tricuspid annulus is 
then repaired with a ring or suture annuloplasty. If the 
annulus is significantly dilated, a flexible St Jude Tailor 
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Figure 12.6. Operative photograph of pacer-defibrilla- 
tor lead traversing tricuspid valve. 

ring is implanted with multiple 2/0 Ticron sutures 
placed through the annulus, just encroaching on to the 
edges of the annulus subtended by the septal leaflet. 

Figure 12.2 shows the steps of this operative 
technique. If the annulus is not grossly enlarged, 
the annulus is bolstered with a pledgetted 3/0 poly- 
propylene suture to get a measured annuloplasty to 
about 28-29 mm (Figure 12.7). 

Steps of the repair are as follows: 

1. Mobilized defibrillator lead and the leaflets of 
the tricuspid valve. 

2. The lead repositioned in the cleft between septal 
and inferior leaflets with a suture approximation 
of the leaflets above the cleft. 

3. The repositioned lead with cleft closure and a 
tricuspid valve annuloplasty. 

In our series presented here, 7 patients had a 
De Vega-type suture annuloplasty while the other 
20 had a flexible ring annuloplasty. 

Limitations: This technique requires normal and 
pliable leaflets. If there is fibrosis of any of the leaf- 
lets or if there is significant subvalvar fibrosis, this 
technique may not be applicable. This procedure is 
best performed when the right ventricular function, 
even if impaired, is recoverable. Large, poorly 
contractile right ventricles might be very poor 
substrates for any kind of tricuspid intervention. 

12.7.3. Results: There were no Deaths 

There were perioperative deaths. Mean TR preopera- 
tively was 3.8 and fell to a mean of 1.2 immediately 
after the surgery. Similarly, the mean CVP fell from 
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Figure 12.7. Steps of tricuspid repair. 

34 mmHg preoperatively to 1 2 mmHg, postprocedure. 
All patients had resolution of symptoms and signs of 
right-sided failure. Perioperatively, the elevated CVP 
did cause either an overt or a subclinical picture of 
liver dysfunction. Eight patients had impaired liver 
function tests with severely enlarged livers and pul- 
satile hepatomegaly. This liver dysfunction caused a 
significant perioperative coagulopathy. 

Patients were followed up with postoperative 
echocardiograms. The mean postoperative stay 
was 11.5 days (ranging from 5 to 43 days). Three 
patients required tracheostomy and prolonged ven- 
tilation. At a mean follow up of 24 weeks (range 
4-80 weeks), the mean degree of TR was 1.5. 

Since this is a new technique with the period 
of follow-up being short, we have not attempted 
to compare the outcomes with standard tricuspid 
valve surgery. However, the lack of early mortality 
in this complex group of patients was very encour- 
aging. The morbidity was in keeping with a very 
complex and sick group of patients. 

12.7.4. Discussion 

Tricuspid valve regurgitation has a known asso- 
ciation with right ventricular pacing 19 but over 
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the years, improvements in design have reduced 
this risk. Pacemaker leads have improved in 
design and flexibility, and do not overtly cause 
TR. As a consequence, pacemakers are put in 
quite liberally without much thought given to 
possible valvular consequences. More recently, 
the cost and survival benefit of pacer-cardioverter- 
defibrillators in preventing sudden death 20 has 
led to increased use of these devices. Even 
though the benefit of these devices was shown 
in patients who were postmyocardial infarction, 
there is a general trend to implant these devices 
in all patients with low ejection fractions. The 
problem posed by the increased use of these 
pacer-defibrillators and their impact on TR was 
highlighted in a recent publication from the 
Mayo Clinic. 21 As this publication mentions, 
not all cases of TR with pacer-defibrillators 
have the same mechanism causing the leakage. 
However, the majority of patients in this series 
had evidence of the stiff lead pushing down on 
the septal leaflet keeping it stented in an open 
position, thereby preventing coaptation with the 
other two leaflets during closure. We saw this 
initially in a patient on whom we performed a 
ring annuloplasty of the tricuspid valve with a 
very good perioperative result. However, over a 
period of a few weeks, the TR returned. A series 
of follow-up echocardiographic studies actually 
showed the lack of septal leaflet coaptation due 
to the pacer-defibrillator lead pushing on it. A 
similar finding was noted in a group of our heart 
failure patients with exacerbation of right-sided 
failure following insertion of pacer-defibrillator 
leads. When we dealt with a few of these patients 
presenting for surgery on other valves or coro- 
nary arteries, this posed a clinical conundrum. To 
secure a good operative and durable long-term 
result, it is important to deal with the TR. One 
option would be to replace the tricuspid valve and 
take out the transvenous cardioverter-defibrillator 
and change it to an epicardial system. This has 
two major flaws, namely: 

- Poor short- and long-term outcomes with tricuspid 
valve replacement. 22 

- Epicardial pacer-defibrillator systems that are not 
commonly used and may be complicated. 23 

The septal leaflet plays an important role in 
the competence of the tricuspid valve, 24 from 


a developmental and practical point of view. 
Tethering of tricuspid valve leaflets can account 
for residual regurgitation after repair. 25 There are 
other factors that also may account for residual 
TR, 26 which are hopefully addressed at the time 
of surgery. Intraoperatively, while dealing with 
the tricuspid valve, the two issues that we can 
address easily are the lead impingement on the 
septal leaflet both in the acute and chronic setting 
and the annular dimensions. Therefore, we came 
up with this technique whereby the lead is repo- 
sitioned in the potential cleft between septal and 
inferior leaflets. The lead is then retained in that 
position by a fine edge-to-edge suture that closes 
the cleft over the lead. These edge-to-edge leaflet 
approximations seem to work well in the tricus- 
pid valve, as long as the leaflets are normal and 
the approximating suture utilizes small segments 
of valve leaflets. 27 The annulus was stabilized 
with a ring annuloplasty if there was significant 
annular enlargement above 35 mm. If the annulus 
was marginally enlarged, we elected to use a 
De Vega-type suture annuloplasty. 

While our results with this technique have been 
encouraging, it is important to select patients 
carefully. Our recommendations are to consider 
this kind of repair in patients with severe TR in 
the presence of transvenous pacing-defibrillator 
leads, preserved leaflets, and reasonable right 
ventricular function. This repair would not work 
if the leaflets or the subvalvular chords were 
abnormal. We would also recommend avoiding 
this repair in patients with poor right ventricular 
function. 

12.8. Key Points to Remember 


Tricuspid regurgitation in patients with heart fail- 
ure and the presence of pacer-defibrillator leads 
is most commonly due to the lead impinging on 
the septal leaflet and progressive annular dilata- 
tion. Our method of repair is to mobilize the lead, 
reposition it in the cleft between the septal and 
inferior leaflets of the tricuspid valve. The lead is 
then secured in position with a suture closing the 
"cleft" over the lead with sutures and correcting 
the annular enlargement with a flexible ring or 
suture. Results so far remain encouraging. 
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12.9. Prophylactic DeVega 
Tricuspid Valve Annuloplasty 
in Heart Transplant Recipients 

12.9.1. Introduction 

Orthotopic heart transplantation (OHT) is often 
associated with the development of tricuspid 
regurgitation (TR), 28,29 with the reported incidence 
varying from 47 to 98%. 30-32 The TR can be related 
to structural or functional factors. The standard bia- 
trial technique of OHT (sOHT) is associated with 
more TR than the bicaval (bOHT) technique. This 
difference is attributed to alteration in the geometry 
of the tricuspid valve and right atrium related to the 
technique of right atrial anastomosis. Other possible 
causes of TR include (1) allograft dysfunction with 
right ventricular dilatation due to poor preservation, 
reperfusion injury, donor factors, or rejection, (2) 
pulmonary hypertension, (3) severe donor recipient 
size mismatch, and (4) structural damage occurring 
during endomyocardial biopsy. 33,34 Moderate and 
greater grades of TR are associated with right-sided 
heart failure symptoms, renal and hepatic dysfunc- 
tion, and decreased long-term survival. 35,36 It remains 
unclear whether the TR is a reflection of poor allo- 
graft function or a primary abnormality, but once 
present, repair or replacement is often indicated. 
Renal dysfunction is also a long-term consequence 
of OHT. This is most commonly attributed to the cal- 
cineurin inhibitors and may also result from TR. 37,38 
The De Vega-type of tricuspid annuloplasty using 
a suture has been used to treat TR. It is simple, 
quick, inexpensive, and durable. 39 We have previ- 
ously reported short-term results on a population of 
randomized and prospectively studied patients, one 
group who received prophylactic DeVega tricuspid 
valve annuloplasty (TVA) to prevent TR after OHT. 40 
We demonstrated less TR and improved periopera- 
tive heart function and survival. This chapter reports 
on the long-term (6 year) follow-up of these patients 
and compares them with regard to survival, amount of 
TR, renal function, and hemodynamics. 

12.9.2. Methods 
12.9.2.1. Study Design 

Of the 87 patients receiving heart transplants at 
Temple University Hospital between April 1997 


and April 1998, 60 patients met selection criteria 
for this comparison. Institutional Review Board 
permission was received (March 1997) before 
studying these patients. Twenty-seven patients 
were excluded because of (1) multiple organ trans- 
plantation, (2) retransplantation, (3) donor/recipient 
weight ratio of < 0.5, (4) pulmonary vascular resist- 
ance (PVR) of >4 Woods units, (5) greater than 
mild TR documented on donor echocardiography, 
(6) donor ejection fraction of <35%, (7) donor 
coronary artery disease requiring revasculariza- 
tion, and (8) donors requiring two inotropes or 
dopamine at > 12mcg/kg/min. In accordance with 
our practice at that time, these patients who were 
deemed higher risk as evidenced by one or more 
of the listed factors routinely received TVA before 
the transplant procedure. 

Two surgeons performed the procurement and 
implantation during this time period, and the pro- 
cedures were evenly distributed among them. TVA 
was performed during preparation of the donor 
heart. In order to ensure consistency and stand- 
ardization, only one of the surgeons performed 
the TVA. By strictly adhering to an evenly dis- 
tributed procurement call schedule, randomization 
was achieved. Patients were not included in the 
comparison if unforeseen circumstances caused 
deviation from the on-call schedule. In the major- 
ity of cases, implantation was a combined effort of 
the two surgeons. The patients received an OHT 
(group STD) or OHT with TVA (group TVA). 
Data were obtained prospectively and data analysts 
were blinded to the assignment of patient groups. 
Data analyzed included operative and donor infor- 
mation, survival, amount of TR, hemodynamics, 
serum blood urea nitrogen (BUN), and creatinine. 

12.9.2.2. Procedure 

The University of Wisconsin (Barr Laboratories, 
Pomona, NY) solution was used for cardioplegia and 
preservation solution. The recipient cardiectomy and 
recipient-donor anastomoses were done using the 
bicaval technique described by Sarsam et al 41 and 
others. 19 All patients received a baseline inotropic 
regiment of T3 (0.08 mcg/kg bolus, infusion 0.08 meg/ 
kg for 3h), 5mcg/kg/min of dobutamine, and 3 meg/ 
kg/min of dopamine. Any increase above baseline 
was considered as elevated inotropic requirement. 
Patients were considered weanable from CPB if they 
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could sustain a mean systemic blood pressure of 
>70mmHg with a CVP of <15mmHg and a cardiac 
index (CI) of >2.1 L/min/m 2 with a combination 
of inotropic and Intra-aortic Balloon Pump (IABP) 
support. 

Group TVA patients received a DeVega-type 
annuloplasty on the donor graft prior to implantation. 
The tricuspid valve was visualized through the infe- 
rior caval or right atrial opening and a double layer 
of pledgeted 2-0 polypropylene was used to stabilize 
the annulus. The annulus was sized to a 29-mm 
dilator. If the annulus was less than 29 mm, it was 
stabilized to a size just a little smaller than the native 
annulus. This procedure is shown in Figure 12.8. 

12.9.2.3. Management 

All patients received triple-drug immunosuppres- 
sion therapy with cyclosporine (CyA) (3.5-5.0mg/ 
kg/day), azathioprine (1.5-2.5 mg/kg/day), and 
steroids. Induction therapy was not routinely used. 
Patients either had the CyA switched to tacrolimus 
or had mycophenolate mofetill substituted for 
azathioprine for repeated rejection. CyA therapy 
was adjusted to maintain serum trough levels of 
250-300 ng/ml during the first year after hypertension 
(HT). Azathioprine dose was adjusted to maintain 
white blood cell counts of > 4,000ml" 1 . Steroid 



28 mm Hogar dilator 


Figure 12.8. Tricuspid valve repair. 


dose was tapered gradually after the peritransplant 
period to 0.05mg/kg within 6 months after sur- 
gery. Acute rejection (>lb or with hemodynamic 
compromise) was treated with a steroid bolus. 
Cytolytic therapy was added for repeated rejec- 
tions or significant hemodynamic compromise. 
Endomyocardial biopsy was performed using the 
standard Stanford technique with either a Caves- 
Shultz or a disposable bioptome. 42 Biopsy-proven 
rejection was graded using the modified Billingham 
system adopted by the International Society for 
Heart and Lung Transplantation. 43 . 

12.9.2.4. Echocardiographic Assessment 
ofTR 

Patients routinely underwent intraoperative trans- 
esophageal echocardiography (TEE), and then 
transthoracic echocardiography (TTE) studies at 
1 week, 1 month, and then annually. As part of 
the echocardiographic studies, patients received 
two-dimensional and continuous -wave Doppler 
evaluation with color flow mapping. The tricuspid 
valve was examined in the parasternal short-axis 
and apical four-chamber views. Tricuspid regurgi- 
tation was graded by qualitative echocardiographic 
assessment according to the ratio of the regurgitant 
jet area to the right atrial area, as described previ- 
ously. Grades of TR included 0, 1+ (jet to area ratio 
< 10%, trace), 2+ (ratio 10-24%, mild), 3+ (ratio 
25-49%, moderate), and 4+ (ratio > 50%, severe). 
Multiple views were obtained and the regurgitation 
graded based upon the most abnormal views. 

12.9.2.5. Hemodynamic Assessment 

Intraoperative pulmonary artery monitoring with 
a Swan-Ganz catheter was performed in every 
patient. Right heart catheterization was routinely 
performed with biopsy at 1 week, 1 month, and 
annually, or if dictated by clinical condition. 
Intracardiac pressures were recorded at the levels 
of the right atrium, right ventricular body, and 
pulmonary artery. Thermodiluton cardiac outputs 
were also obtained. 

12.9.2.6. Statistics 

All numerical results are reported as mean + stand- 
ard deviation. A p value of less than 0.05 was 
considered to be significant. Statistical analysis 
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was performed using statistical package for the 
social sciences (SPSS) v.ll (SPSS Inc, Chicago, 
IL). Fisher's exact test was applied for associations 
of categorical variables, and the Wilcoxon rank 
sum test was used to compare means of continuous 
variables. Survival analysis was performed using 
the log rank statistic. 

12.9.3. Results 

General characteristics: There were 30 patients in 
each group. Recipient and donor demographics are 
presented in Tables 12.1 and 12.2, respectively. 
Pretransplant pulmonary artery pressures were 
similar in both groups (standard (STD) vs. TVA, 
p = ns: mPAP 28.6 + 9.2 vs. 29.3 + 8.9; pulmo- 
nary capillary wedge pressure (PCWP) 23.2 ± 8.9 
vs. 23.8 ± 9.0; PVR Woods units 2.3 + 0.9 vs. 
2.1 + 1.1). The two surgeons who performed the 
procedures were randomly distributed among the 
procurement and implantation groups, based on 
the call schedule. Both groups followed the same 
routine myocardial biopsy schedule. The average 
number of biopsies for the first year in survivors 
of both groups was 15.2. After the first year, 
patients received routine biopsies biannually unless 
clinically indicated. None of the patients required a 


permanent pacemaker. There was no incidence of 
tricuspid stenosis. 

Tricuspid regurgitation: The average amount of TR 
in each group was stable during the study period. 
TEE evaluation of patients after weaning from CPB 
and stabilization revealed more TR in group STD 
(Table 12.3). The difference in average TR persisted 
at 1 and 6 years. Moreover, the standard group had 
a greater incidence of >2+ TR. Subsequently, there 
was a progressive increase in the number of patients 
with grade >3+ TR in group STD. Group TVA had 
a stable distribution of TR severity. No patients in 
group TVA developed significant TR (>2+). By 6 
years, three patients in group STD demonstrated 
clinical signs of TR with peripheral edema and 
increased diuretic requirements. Two required a 
tricuspid valve procedure. There was a significant 
correlation between > 2+ TR and mortality as well 
as between TR and increase in creatinine level. 
Hemodynamics: The hemodynamic values (Table 
12.4) at 1 and 6 years were similar. 
Renal function: The BUN was similar in the two 
groups. The baseline creatinine in group TVA seems 
higher in group STD (1.34 + 0.67 vs. 1.02 + 0.29), 
but it fails to attain significance. The serum creatinine 
increased in both groups after transplant, and con- 
tinued to increase in group STD while stabilizing in 


Table 12.1. Recipient demographics. 


Group 

Age 

M/F 

Height (cm) 

Weight (kg) 

Cause 

UNOS 

Mech Reop 

Standard 

53.1 + 12.2 

18/12 

169.2 + 12.7 

80 + 12.7 

Ish 13 

127 

5 12 

(STD) 





Idio 16 

113 







PP 1 



Tricuspid valve 

51.1 + 11.7 

20/10 

172.2 + 10.7 

79.5 + 18.7 

Ish 13 

126 

5 13 

annuloplasty 





Idio 17 

114 


(TVA) 





PP0 




ns 

ns 

ns 

ns 



ns ns 


M/F: male/female; Cause: Ish ischemic, Idio idiopathic, PP postpartum; UNOS: United Network of Organ Sharing listing status; 
Mech: mechanical assistance including LVAD or IABP; Reop: previous sternotomy. 


Table 12.2. Donor demographics. 


Group 

Age 

M/F 

Height (cm) 

Weight (kg) 

D/R ratio 

STD 

26+ 13.1 

22/8 

161 + 35.9 

65 + 19.5 

0.8 + 0.2 

TVA 

26.9 + 12.6 

19/11 

167.5 + 16.2 

67.5 + 19.5 

0.8 + 0.2 


Ns 

ns 

ns 

ns 

ns 


D/R ratio: ratio of donor/recipient weight. 
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Table 12.3. Distribution of the severity tricuspid regurgitation. 



Group 

Average 

< 1 

2 

>3 

% >2 

% >3 

Intraoperative 

STD 

1.1 + 1.0 

21 

5 

4 

30.0 

13.3 


TVA 

0.33 + 0.38 

30 

0 

0 

0.0 

0.0 



/? = 0.01 




/? = 0.01 

p = 0.002 

1 year 

STD 

1.3 + 1.0 

17 

7 

2 

34.6 

7.6 


TVA 

0.2 + 0.3 

27 

0 

0 

0.0 

0.0 



p = 0.01 




p = 0.02 

p = 0.01 

6 year 

STD 

1.5 + 1.3 

15 

2 

5 

31.8 

22.7 


TVA 

0.5 + 0.4 

22 

0 

0 

0.0 

0.0 



/? = 0.01 




/? = 0.01 

p = 0.005 


Table 12.4. Hemodynamic measurements. 


Group mSys mPA CVP mPA-CVP CI 


1 year STD 

82.1 

+ 

10.7 

19.1 

+ 

9.2 

6.5 

+ 

4.3 

13.4 

+ 

6.5 

3.6 

+ 

0.7 

TVA 

87.3 

+ 

9.8 

20.4 

+ 

9.1 

6.9 

+ 

4.9 

14.3 

+ 

6.32 

3.3 

+ 

0.6 





ns 



ns 



ns 



ns 



6 year STD 

84.2 

+ 

12.1 

23 + 

5 

2 

4.4 

+ 

3.2 

15 + 

3 

.2 

2.8 

+ 

0.5 

TVA 

82.6 

+ 

11.8 

22.2 

+ 

6.7 

7.8 

+ 

4.4 

14.5 

+ 

4.2 

2.9 

+ 

0.5 


ns 



ns 



ns 



ns 



ns 




mSys (mmHg): mean systemic blood pressure; mPA (mmHg): mean pulmonary artery 
pressure; CVP (mmHg): central venous pressure; CI (L/min/m 2 ): cardiac index. 


Table 12.5. Renal function following heart transplantation. 



Group 

BUN 

Crt 

dCrt 

Preoperative 

STD 

22.3 + 11.5 

1.02 + 0.3 



TVA 

26.8 + 15.6 

1.34 + 0.7 




ns 

p = 0.058 


1 year 

STD 

42.5 + 16.5 

2.3 + 1.3 

1.3+0.9 


TVA 

37.7 + 15 

2.2+ 1 

1.0 + 0.9 



ns 

ns 

p = 0.061 

6 year 

STD 

41.0+ 14.4 

2.9 + 2.0 

2.0 + 2.1 


TVA 

32.1 + 12.1 

1.8 + 0.7 

0.7 + 0.8 



ns 

p = 0.01 

p = 0.005 


BUN (mg/dl): blood urea nitrogen; Crt (mg/dl): serum creatinine; 
dCrt: difference in creatinine from baseline. 


group TVA. Serum creatinine and the difference in 
creatinine from baseline were significantly higher in 
group STD at 6 years (Table 12.5). In the overall pop- 
ulation of patients, there was a correlation between 
creatinine level of >2+ and mortality (Figure 12.3). 
Morbidity and mortality: Overall survival among 
both groups was similar with eight patients expir- 
ing in both groups. Group STD had a higher intra- 
operative mortality (4/30 vs. 0/30). Three deaths 
were due primarily to right heart failure and one 
to an acute rejection. Although the patients even- 
tually died of multiple system organ failure, the 
root cause was low cardiac output. By the first and 


sixth years, survival was similar between groups 
(Table 12.6). Of note, seven of eight deaths in 
group STD were cardiac in origin. One patient died 
of a malignancy. In group TVA, there were three 
cardiac deaths, two perforated visceral organs, and 
three infections. There were statistically more car- 
diac-related deaths in group STD (p < 0.05). The 
average number of treated rejection episodes per 
patient was similar between groups. 

12.9.4. Comment 

Tricuspid regurgitation frequently develops fol- 
lowing OHT and can be progressive. Variability 
exists between the common techniques for measur- 
ing TR. The color Doppler quantification method 
is the one used in this study and is the technique 
that is most widely accepted. Using this technique, 
Huddleston et al. found that 21% had greater than 
moderate TR. Williams et al. found a 32% preva- 
lence of moderate to severe TR following heart 
transplantation. 44 Aziz et al. found that 36% of 
patients developed greater than moderate TR after 
OHT. In the largest study to date, the Stanford 
group analyzed 336 patients and found 34% had 
greater than moderate TR. In addition, the studies 
that follow patients over a period of time demon- 
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Table I2.t 

i. Complications and mortality following 

; heart transplantation. 


Mortality 


Intraoperative 



Cardiac 

Group 

complications 

1 year 

6 year 

deaths 

A 

Bleeding 3 

RHF3 

CHF 3 

7 


Pul HTN/RHF 5 

Rejection 1 

Cancer 1 



CVA 1 





Pulm hem 1 





Donor dys 2 




B 

Bleeding 3 

1 rejection 

CHF 2 

3 


Pul HTN/RHF 4 

1 sepsis 

Perforated bowel 2 



Donor dys 3 

1 pneumonia 

Pneumonia 1 




ns 

ns 

p = 0.03 


Pul HTN: pulmonary hypertension; RHF: right heart failure; CVA: cerebral vascular accident; Pulm 
hem: pulmonary hemorrhage; Donor dys: biventricular donor dysfunction; CHF: allograft failure. 


strate the progressive nature of this abnormality. 
For instance, in the Stanford experience, the inci- 
dence of severe TR increases in survivors from 
7.8% at 5 years to 14.2% at 10 years. 

TR can become a serious condition. If the TR 
progresses past moderate, a majority of patients 
can develop peripheral edema, ascites, and renal 
dysfunction. Furthermore, the long-term survival 
in patients with moderate TR is decreased when 
compared to patients with less than mild TR. In a 
study analyzing intraoperative echocardiograms, 
immediate significant TR was associated with a 
poor long-term survival. The authors suggest a role 
for concomitant TVA at the time of transplant. 

When severe TR is present, repair with an 
annuloplasty or replacement has been reported. 45 
DeVega tricuspid annuloplasty is an inexpensive, 
quick, and stable method to reduce a dilated annu- 
lus. It has been primarily used to treat functional 
TR caused by elevated left-sided pressures with 
excellent long-term results. This study defined the 
role of prophylactic TVA. Whether the TVA is best 
accomplished by a DeVega technique or by a ring 
is based on surgeon's preference. Stabilization with 
an annuloplasty ring is preferable in patients with 
severe TR and dilatation of the annulus. However, 
in this study, none of the patients had an abnor- 
mally dilated annulus. The DeVega annuloplasty 
was performed to maintain the normal size of the 
annulus. This was clearly accomplished in the 
study as there was no progression or development 
of new TR in group TVA. The technique employed 
in the performance of the DeVega annuloplasty is 


important: careful and closely spaced sutures with 
a double pledgeted repair are critical in maintain- 
ing the integrity of the annulus. We have used an 
annuloplasty ring in other patients but have found 
the bulky prosthetic material to be a hindrance for 
biopsies, which makes these procedures time con- 
suming and expensive. Complications of the TVA 
are uncommon, and are primarily related to injury 
of the conduction system. It is also important not 
to create stenosis by reducing the annulus exces- 
sively. Tricuspid stenosis or heart block did not 
occur in any patient. 

TR following OHT is often a complication of 
the endomyocardial biopsy procedure. 46,47 Many 
studies correlate the presence of flail leaflets and 
torn chordae with severe TR. In fact, almost all 
reported cases of TV repair or replacement after 
OHT have demonstrated mechanical disruption 
of the TV. There is no reason to believe that a 
TVA would prevent mechanical disruption of the 
valve mechanism. However, since the annulus is 
decreased, TR from minor structural damage can 
be attenuated. Two patients in group TVA had 
biopsy-proven injury to the chordal structures. 
Subsequent echocardiograms confirmed ruptured 
chordae. However, the TR did not increase above 
a mild degree. 

Other causes of TR have a functional basis. The 
presence of pulmonary hypertension may cause 
right ventricular and annular dilatation, causing TR. 
Pulmonary hypertension by itself with a normal RV 
appears to be well tolerated; superimposition of 
pulmonary injury or RV dysfunction may contribute 
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to a process leading to the development of TR. RV 
dysfunction can be caused in the intraoperative 
period by preservation or reperfusion injury, air 
embolus, donor risk factors, or accelerated rejection. 
The short-term results of this study demonstrated 
improved perioperative survival, especially when 
these stresses were imposed on a donor organ. Long 
term, there was a decrease in cardiac-associated 
mortality. If a cardiac -related stress is superimposed 
on a transplant patient, the TVA allows maintenance 
of myocardial efficiency, lower CVR and per- 
haps enough restoration of perfusion to allow these 
patients to survive. However, OHT is associated with 
many factors that can cause death, such as infection 
and malignancy. Hence, despite being superior with 
regard to intraoperative and cardiac survival, the 
overall mortality in both groups was similar. 

We exclusively used a bicaval technique for 
OHT. There is ample evidence that bicaval OHT 
is superior to standard biatrial OHT in preventing 
TR. This is attributed to elimination of the right 
atrium (RA)/(RV) relationship caused by the 
biatrial implantation technique. In a study of 249 
patients, Aziz et al. report a 19.9% incidence of 
severe TR in the bOHT group as opposed to 51% 
for the sOHT group. Since there was evidence 
that bicaval OHT decreases TR and improves 
sinus node function 48 - 49 we used this technique 
for all patients. If the standard OHT technique 
had been utilized, the prophylactic TVA might 
theoretically be of additional benefit. 

We tested the hypothesis that prophylactic TVA, 
done before OHT, could impact the incidence of 
TR, the need for further TV procedures, and patient 
outcomes. 

The significant differences at long-term follow-up 
included prevention of significant TR and renal 
protection. The amount of TR was low, as would 
be expected from the bicaval technique, but was 
still different among the groups. In the early 
peritransplant period, group STD had a mean of 1 . 1 
versus group TVA (0.33 TR). This is represented 
as a mean of only mild TR, but there was increased 
mortality in the patients who developed greater 
than moderate TR. Group TVA patients had only 
trivial TR; even the patients with myocardial dys- 
function developed only mild TR. The difference 
in average TR continues to be present at 1 and 6 
years of follow-up. Furthermore, in group STD, 
the percentage of patients with >2+ TR remained 


stable at -30% throughout the study period. The 
incidence of moderate/severe TR (>3+) in group 
STD was 7.6% at 1 year and compares favorably to 
other reports using bOHT techniques. At 6 years, 
the severe TR group increased to 22.7% of the sur- 
vivors. At 1 and 6 years, there were no patients with 
greater than mild TR in group TVA. Three patients 
in group STD developed clinical symptoms from 
central venous hypertension. Two required opera- 
tive correction. It is evident from other reports that 
TR is progressive and can lead to worsening right 
heart failure symptoms. That is consistent with the 
STD group in this study. Furthermore, follow-up 
of patients in this study demonstrates that a TVA 
prevents development and progression of TR. 

The other parameter that we studied was renal 
function, since there are data to correlate renal 
dysfunction with worsening TR. Increased CVP 
in patients with TR contributes to increased renal 
venous pressure, which has been shown to be 
responsible for decreased renal artery flow. This 
in turn increases plasma rennin activity, causes 
urinary protein leak, and decreases glomerular 
filtration rate. This explains the deterioration 
in renal function in patients with significant 
TR. In this study, patients' serum creatinine 
progressively increased during the first year in 
both groups. However, by 6 years, there was 
stabilization of renal function in group TVA and 
the different average levels of serum creatinine 
and the difference from baseline from group 
STD were significant. Furthermore, there was 
significant correlation between development of 
increased creatinine and mortality. Calcineurin 
inhibitors can contribute to renal dysfunction and 
that effect was present in both groups. However, 
the development of TR is an added insult and 
correlates with renal dysfunction. This effect is 
evident only after long-term follow-up and the 
development of moderate TR with deterioration 
in renal function. 

In summary, this is the first long-term report 
of using prophylactic TVA to decrease TR after 
OHT. Previous reports using this patient popu- 
lation demonstrated survival benefit to TVA in 
the immediate postoperative period. This is the 
period when the heart is maximally stressed and 
the patients are vulnerable to the effects of a low 
perfusion state. This cardiac protective effect is 
present long term as demonstrated by less car- 


12. Enabling Techniques and Technologies 


209 


diac-related deaths. However, the overall survival 
is similar. The study also demonstrates significant 
reduction in the mean severity and number of 
patients with significant TR. This prevention of 
TR has important long-term beneficial effect as 
the presence of moderate TR is progressive and 
associate with a poor prognosis. Since there is 
correlation between development of TR and renal 
dysfunction, the TVA helps preserve renal func- 
tion. Prophylactic DeVega TVA is inexpensive, 
quick to perform, and durable at 1 year, and offers 
a survival advantage in the immediate postopera- 
tive period. Long term, there is better preservation 
of renal function and prevention of TR. Since 
TVA is beneficial, it should be routinely con- 
sidered during preparation of a donor heart for 
transplantation. 

12.10. High Thoracic Epidural 
Anesthesia 

12.10.1. High Thoracic Epidural 
Analgesia 

High thoracic epidural analgesia (HTEA) for car- 
diac surgery is a regional anesthetic technique 
that has been used selectively by a few institu- 
tions in the USA that are comfortable with its use. 
HTEA is routine in European countries, India, and 
Turkey. Epidural anesthesia can be associated with 
a small risk of an epidural hematoma theoretically 
calculated at a minimum of 1 : 150,000; this has pre- 
cluded its widespread adoption in the USA. 50 

The use of neural sympathetic blockade for 
cardiac surgery is only in its second decade. At 
the Society of Cardiovascular Anesthesiologist 
meeting in 1995, Goldstein et al. presented their 
national survey results in the use of spinal and epi- 
dural techniques during cardiac surgery. The survey 
revealed that only 7% of responding anesthesiolo- 
gists (24%) used this technique. 51 

Modulation of the cardiac sympathetics has been 
discussed extensively in the literature by several 
groups all of whom have noted similar findings. 
Cardiac neural blockade is noted to be associated 
with a decrease in the incidence of intra- and post- 
operative ischemia, a decrease in active postopera- 
tive warming, shortened extubation times (as short 
as 1.6 ± 0.5 h), an increase in the use of inotropes, 


a decrease in the use of agents for hypertension, 
and improved ventilatory parameters postopera- 
tively. Cardiac and stroke index, as well as oxygen 
delivery, were significantly higher in the thoracic 
epidural group. 52-54 The primary pathophysiologic 
response to sympathetic stimulation differs in nor- 
mal and atherosclerotic vessels. HTEA blunts the 
usual vasoconstriction in abnormal vessels. 

The Liem group published its results in three sep- 
arate papers. 52-54 A group of 27 patients received an 
epidural catheter at least 20 h prior to surgery. The 
catheter was inserted at the first or second thoracic 
interspace. It was injected initially with a solution 
of 0.375% bupivacaine and sufentanil 5|lg/ml in 
a dose of 0.05 ml/cm body length. A continuous 
infusion was initiated with 0.125% bupivacaine 
and sufentanil l|ig/ml for surgery. Heart rate and 
mean arterial pressure decreased with the onset 
of the TEA bolus but stroke volume increased. 
Throughout the remainder of the anesthetic period, 
the TEA group maintained greater hemodynamic 
stability as evidenced by less hypotension, hyper- 
tension, and ischemia. 

Postoperative outcomes in patients in the epidural 
group were that they awakened earlier (148min vs. 
335 min), resumed spontaneous ventilation earlier 
(326 min vs. 982 min), and were extubated sooner 
(463 min vs. 1140min). This was accompanied by 
a significantly better visual analog pain score, seda- 
tion score, and postoperative Pao 2 . The incidence of 
tachycardia (heart rate > 100 beats/min for >30min) 
and ischemia was significantly lower in the thoracic 
epidural compared to the control group. 

In the final section of Liem's study, adrenergic 
responses were contrasted. In the precardiopul- 
monary bypass period, there was less variability 
in systemic vascular resistance, heart rate, and 
mean arterial pressure, which were accompanied 
by smaller variations in plasma norepinephrine 
in the epidural group. During cardiopulmonary 
bypass, thoracic epidural anesthesia was associated 
with lower plasma norepinephrine levels and less 
variability in plasma epinephrine levels, although 
Cortisol levels were increased. 

In the postcardiopulmonary period, mean arte- 
rial pressure and systemic vascular resistance were 
higher and heart rates lower in the thoracic epi- 
dural group. In the 48 h after surgery, lower pain 
scores were correlated with lower epinephrine and 
plasma Cortisol levels. Although Liem's group had 
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an increased systemic vascular resistance (SVR), 
a review of our thrombo-endarterectomy (TEA) 
patients with an epidural placed at T1-T2 demon- 
strated a 200-400 dynes/s average decrease in SVR 
when compared to patients without epidurals. X- 
ray with dye confirmation of catheters is standard 
for us; thus, they were not malpositioned. The dif- 
ference may be due to our high-risk population of 
patients who were on a multitude of cardiac drugs 
immediately pre-op, such as ACE-inhibitors, and 
often had low EF or heart failure, all of which con- 
tributes to post-op hypotension. Unlike low tho- 
racic and lumbar epidurals, which cause significant 
vasodilatation of the splanchnic bed and/or lumbar 
plexus, HTEA at Tl/2 causes dilation of the inter- 
costal arteries and pulmonary arteries. This along 
with our use of high concentrations with small 
volume infusion contributes very little to hypoten- 
sion. 5556 In our experience of 325 patients, we were 
most impressed with elderly patients who benefit 
significantly from HTEA. We noted a significant 
reduction in post-op delirium and confusion, very 
limited use of post-op narcotics, and observational 
decrease of post-op depression. As already studied, 
patients with TEA have a greater pulmonary effort, 
thus increasing TV and may shorten the recovery 
time of the post-op diaphragmatic muscle paraly- 
sis. This once again is particularly important in the 
elderly population prone to post-op pneumonia and 
atelectasis. 57 

The Kimo study examined a group of ten 
patients undergoing CABG surgery. 7 The use of 
thoracic epidural anesthesia as an adjuvant to a 
standard fentanyl-N z O anesthetic reduced all meas- 
ures of sympathetic activation in the myocardium. 
At the time of sternotomy, cardiac norepinephrine 
spillover, mean arterial pressure, systemic vascular 
resistance, and pulmonary capillary wedge pres- 
sure were all significantly increased in the control 
group. Although none of the patients in the TEA 
group had signs of myocardial ischemia, three 
of the ten control patients did. The patients, who 
underwent an examination of myocardial blood 
flow showed that regional myocardial oxygen 
consumption was lower in patients undergoing 
regional anesthesia. Both serum and greater cardiac 
vein concentrations of norepinephrine were lower 
in patients receiving epidurals around the time 
of sternotomy and were also significantly lower 
during cardiopulmonary bypass. As expected all 


groups demonstrated improved pain relief with 
thoracic epidural anesthesia with or without an 
opiate added. 

Preliminary review of our 325 patients reveals a 
<2% incidence of post-op ischemia and no post-op 
Mis. Of interest, we were able to successfully use the 
Khuri myocardial pH probe in three of five HTEA 
patients. The anesthetic was stabilized and the epi- 
dural dosed with 4— 5 cm 3 of 0.5% bupivacaine. Two 
patients had technical problems with placement and 
maintaining probe position. The successful three 
were monitored while the surgeons were preparing 
for bypass; thus there was no heart manipulation 
involved. During this period all patients revealed an 
increase in myocardial pH from the 6.9-7. 1 range to 
7.3-7.5 range without drug or mechanical manipula- 
tion over a period of 15-20min. This is of extreme 
interest and parallels data by other investigators. 

An interesting question to pursue in these patients 
would be "Does HTEA analgesia effect long- 
term outcomes?" The Anesthesia Patient Safety 
Foundation (September 2004) convened a panel of 
experts from anesthesia, surgery, cardiology, epide- 
miology, immunology, and administrative agencies 
to discuss issues related to long-term postoperative 
outcomes. It was proposed that inflammatory/ 
immune response may be a potential biological 
link to long-term outcomes via contribution to 
disease acceleration. Also very preliminary data 
suggest that depth of anesthesia may be a predictor 
of outcome. Should this research prove correct then 
epidural anesthesia could reduce postoperative 
mortality and morbidity by allowing lighter gen- 
eral anesthesia and decreasing mediators of the 
inflammatory responses? As previously stated, the 
primary deterrent for routine use of TEA is the 
possibility of epidural hematoma formation. Once 
present, there is a limited window of 8-1 Oh in 
which spinal cord decompression must take place. 
There seems little logical reason to believe that 
a hole in an epidural vein (even the size of a 17- 
gauge Touhy needle) would lead to a sufficiently 
large hematoma to result in symptoms. The rate 
and amount of fluid flow are directly proportional 
to the pressure difference between the two areas of 
interest (ignoring for now the question of whether 
this flow is turbulent or laminar). In the case of a 
venous epidural hematoma, this pressure differential 
is the epidural venous system and the epidural 
space. The pressure inside the epidural veins is 
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roughly equivalent to the CVP (barring anatomical 
obstructions) while that of the epidural space is 
roughly equivalent to the cerebrospinal fluid pres- 
sure. 58-60 The "negative" pressure, which is com- 
monly used as the marker for the space, is partially 
an artifact of the method used to enter the epidural 
space. As the dural ligament is pushed toward the 
subarachnoid membrane by the blunt Touhy nee- 
dle, positive pressure is applied to the space. Once 
the ligament is penetrated, the ligament retracts 
and creates a brief but significant drop in pressure 
within the space (Figure 12.9, Okutomi et al. 60 ). 

The difference between these two pressures is 
minimal (usually 2-3 mmHg). Thus the rate of flow 
is slow and the volume which will enter the space does 
so only until the pressure in the epidural space rises 
to meet that of the veins. At that point, flow into 
the space will cease (in fact, if the pressure rises 
much higher than venous pressure, the veins will 
collapse). Thus, our group (J Williams) believes 
it is improbable that venous tears in the epidural 
space (in absence of anatomical aberrancy) will 
lead to neuroaxial trauma regardless of the state or 
type of heparinization. This is probably the reason 
epidural hematomas are so rare. 16 

How then to explain this rare but devastating 
complication? Our group (JPW) believes that the 
risk is entirely explained by the presence of rare 
but significant arteri vessels in the midline of the 
posterior epidural space. There are no quantitative 
studies documenting the ratio of venous to arte- 
rial vessels in the epidural space; however, the 
tenuous nature of the arterial blood supply to the 
spinal cord suggested that there are few, if any, 
posteriorly penetrating arterial vessels in the tho- 
racic region. Further, in order to lead to neuroaxial 
trauma, the hematoma must exert enough pressure 


to compromise this tenuous blood supply. If one 
assumes that the arterial pressure to most of the 
cord is 45 mmHg, then pressure in the epidural 
space must reach this critical level in order to 
significantly impair sustenance to the neuraxis. It 
seems logical that if a hematoma with sufficient 
pressure to damage the neuraxis is present, arte- 
rial trauma is the culprit. It is with this thought 
in mind that our group analyzes blood withdrawn 
from an epidural needle or catheter for oxygen 
tension. If the oxygen tension is within 10% of 
a simultaneously obtained arterial blood sample, 
we recommend cancellation of the case and close 
observation for the next 12 h. If the oxygen tension 
is less than this, we continue the case, but choose 
an alternate insertion site. Using this method, 
we have noticed no hematomas in our first 200 
patients; however, we have withdrawn venous 
blood on at least five occasions. 61 

Despite this eloquent hypothesis, most institutions 
proceed in a slightly different manner. We place all 
of our catheters the day before because nearly all of 
our patients are high risk and often are on anticoagu- 
lation therapy prior to surgery. Placement is usually 
done via fluoroscopy and contrast confirmation 
with neurological checks every 2h overnight in a 
23 -h observation period. We do not delay the case 
if blood is drawn back. Another site is attempted 
though. We only use Flex-tip plus catheters (Arrow) 
because their tips are blunt, and inject 5-10 cm 3 of 
saline prior to insertion of the catheter. The cath- 
eter is then tunneled for stabilization and infection 
control. Nearly one half of the reported epidural 
hematomas occur after the catheters are removed; 
thus all catheters are pulled when the coagula- 
tion profile correlates with American Society of 
Regional anesthesia and Pain Medicine (ASRA) 
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Figure 12.9. An example of a Touhy needle insertion in the thoracic epidural space. The oscillations in the waveform 
are respirations. Note that although there is a rapid descent once the ligament is penetrated, the pressure in the space 
rapidly returns to normal. 
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guidelines. Saline is also injected during the removal 
process. This has not been studied but is logical 
when avoidance of vessels is the main concern. Our 
recent review of 325 patients revealed no epidural 
hematomas or spinal trauma. This was despite the 
fact that over one half of the patients were on some 
form of anticoagulation preoperatively (discontinued 
prior to insertion) and 80% were on anticoagulation 
postoperately including heparin or enoxaparin with 
American Society of Anesthesiology (ASA). We 
feel that the small risk of a neuroaxial hematoma is 
outweighed by the benefits in patients with multiple 
comorbidities especially with a team experienced 
in managing high-risk epidurals. Close observa- 
tion, well-informed and trained medical staff caring 
for the patient, and a well-educated patient are all 
key aspects of using this modality in a safe and 
successful manner. 

12.11. Key Points to Remember 
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Catheter-Based and Surgical Therapy for 
Ventricular Tachycardia 

Bradley P. Knight, J. Massen, Gil Bolotin, and Jai Raman 


13.1. Catheter Ablation for 
Ventricular Tachycardia in Patients 
with Heart Failure 

13.1.1. Ventricular Tachycardia 
Mechanisms and Indications for Catheter 
Ablation 

The mechanism for sustained VT in most patients 
with heart failure is reentry, and the substrate is 
usually endocardial scar. This is especially true 
for heart failure patients with an ischemic cardio- 
myopathy. A figure of eight model of reentry is a 
useful concept when considering the reentrant VT 
circuit in patients with heart failure. The activation 
wave front emerges from a common channel or 
isthmus during VT and causes global ventricular 
activation. A QRS complex is generated during 
global activation. The wave front then travels in 
opposing directions as it spreads across the myo- 
cardium, and forms at least two outer loops, which 
each circulate around an obstacle. The wave fronts 
join and reenter the isthmus at the opposite end 
of the channel. After slowly traveling through the 
channel, the activation wave front emerges again 
from the isthmus to cause global activation. The 
reentrant circuit is completed. This results in a 
figure of eight pattern of activation and sustained 
monomorphic VT. 

The obstacles around which the wave front trav- 
els are either anatomically determined, based on 
the presence of a scar or a boundary such as the 
mitral annulus, or functionally determined, based 
on abnormal areas of refractory tissue. The area 


of slow conduction that forms the isthmus is usu- 
ally the narrowest part of the reentrant circuit, and 
because it is located usually within the subendocar- 
dial peri-infarct zone, can often be transected using 
an endocardial ablation approach. 

Patients with heart failure and VT or ventricular 
fibrillation (VF) are usually treated with implant- 
able cardioverter-defibrillator (ICD) therapy, which 
is discussed below. However, a subset of patients 
treated with an ICD receives an unacceptable number 
of therapies, despite treatment with antiarrhythmic 
drugs to suppress the VT. Catheter ablation is an 
effective treatment for patients with heart failure who 
have an ICD and medically refractory VT. Specific 
indications include frequent ICD shocks, 1 incessant 
VT, or VT that is relatively slow and falls below 
the programed cutoff rate of the ICD. The ideal 
candidate for VT ablation is a patient with recurrent 
monomorphic VT, which is of the same morphology 
each time and is hemodynamic ally tolerated. It is 
optimal that the VT is well tolerated so that the VT 
can be localized while the patient is in tachycardia. 
However, patients with unstable VT, or multiple 
VTs, can also be treated with ablation by the use of 
alternative techniques to identify the VT origin while 
the patient is in sinus rhythm. 2 Patients with recur- 
rent polymorphic VT or VF are usually not suitable 
candidates for catheter ablation, although new tech- 
niques are emerging to ablate the triggers for VF in 
patients with VF storm post myocardial infarction. 

13.1.2. Preparation 

Prior to performing catheter ablation for recurrent 
VT in a patient with heart failure, it is important 
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that secondary causes of VT, such as ischemia, 
drug toxicity, electrolyte abnormalities, and sig- 
nificant volume overload, have been excluded. 
Many patients with frequent ICD shocks have 
several VTs that can be induced with programed 
stimulation during an electrophysiology procedure. 
During the ablation procedure, the focus should 
be to eliminate the VTs that are clinically relevant. 
Therefore, if it is feasible, a 12-lead electrocardio- 
gram (ECG) should be recorded before the procedure 
while the patient is in tachycardia to identify the 
clinical VT. A 12-lead ECG is also of value when 
localizing the tachycardia origin. For patients who 
have an ICD, retrieval and printout of the intrac- 
ardiac electrograms should also be completed to 
help determine the characteristics of the clinical 
tachycardia. Finally, to minimize the risk of throm- 
boembolism, a left ventricular thrombus should be 
excluded using echocardiography. 

Immediately before the ablation procedure, the 
ICD should be reprogramed to suspend therapies 
for VT so that the VT will be sustained and 
mappable after it is induced. Catheters are usually 
placed from the femoral vein for right atrial and 
ventricular pacing and recording. A transfemoral 
retrograde aortic approach is the preferred method 
for mapping the left ventricle. Many patients with 
an ischemic cardiomyopathy have severe peripheral 
arterial disease. In these patients, a long guiding 
sheath that extends above the iliac bifurcation is 
useful to help guide the ablation catheter retrograde 
through the arterial system. A transseptal approach 
can also be used as an alternative when arterial 
access cannot be achieved. 

Standard radiofrequency current continues to be 
the most commonly used energy source for ablation 
of VT in patients with heart failure. A conventional 
4-mm tip catheter is usually used for mapping and 
ablation; however, alternatives include the use of 
larger ablation electrodes and cooled-tip electrodes 
to create larger lesions. 


13.1.3. Localization of Ventricular 
Tachycardia Circuit 

The 12-lead ECG of the VT can be used to deter- 
mine the general vicinity of the VT. In most 
patients with structural heart disease, the VT arises 
from the left ventricle. A right bundle branch 


block morphology in lead VI is consistent with a 
left-free wall origin and a left bundle branch block 
morphology in lead VI is consistent with a left 
septal origin. Rarely, a VT can arise from the right 
ventricle in a patient with a myopathy. The axis 
in the limb leads can distinguish a superior from 
an inferior origin and the precordial transition can 
help localize the origin in the apical-basal direction. 
The infarct location as identified using cardiac 
imaging can help direct one to the VT origin, but 
many patients with heart failure do not have a 
single, focal infarction. Patients with heart failure 
more commonly have an ischemic myopathy with 
diffuse scarring that results in VTs from several 
locations within the left ventricle. 

Several techniques have been described to identify 
the critical part of the VT circuit during tachy- 
cardia for successful ablation. These techniques 
can be divided into observations made from the 
endocardial recordings during VT and those 
made at the time of pacing at the site of interest 
during the VT. Because the isthmus of the VT is 
commonly associated with very slow conduction, 
typical findings at recording sites within the circuit 
are middiastolic potentials and late systolic poten- 
tials. Often there is continuous electrical activity 
recorded when the ablation electrode is positioned 
within the VT circuit. 

When pacing is performed within the protected 
isthmus during VT, the tachycardia is continuously 
reset. This results in acceleration of the tachycardia 
to the pacing rate and a QRS configuration that is 
identical to the VT. This is referred to as concealed 
entrainment. Pacing at a site near the exit from the 
common channel results in a short stimulus-to- 
QRS interval and pacing at a site near the entrance 
results in a long stimulus-to-QRS interval. When 
pacing is performed outside of the circuit, the 
tachycardia can be entrained, but because part of 
the myocardium will be depolarized from the pac- 
ing site there will be fusion evident on the ECG. 
Pacing sites that are associated with fusion are not 
successful target sites for ablation. 

A majority of ablation attempts at sites asso- 
ciated with both concealed entrainment and a 
middiastolic potential are successful. Additional 
observations at sites associated with concealed 
entrainment have been reported to enhance the 
likelihood of successful ablation. These include 
a comparison of the interval from the pacing 
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stimulus to the QRS and the interval from the 
electrogram to the QRS, and a comparison of 
the postpacing interval at the pacing site to the 
tachycardia cycle length. Use of these maneuvers 
can theoretically distinguish the common path- 
way from a bystander pathway, but is limited by 
the common presence of near continuous signal 
recordings within the scar. 3 

13.1.4. Ablation for Hemodynamically 
Unstable Ventricular Tachycardia 

Patients with heart failure often have recurrent VT 
that is too rapid to be hemodynamically tolerated. 
Conventional mapping techniques that are used 
to localize the VT during the tachycardia are not 
helpful in these patients. Occasionally, maneuvers 
can be performed to improve the tolerability of the 
VT, such as slowing the tachycardia with intrave- 
nous procainamide, elevating the blood pressure 
during VT with vasopressors, or performing the 
procedure with cardiopulmonary bypass, but this is 
often unsuccessful or is associated with significant 
risk. Therefore, techniques have been developed to 
localize the VT during sinus rhythm. 

One approach is to use a noncontact advanced 
mapping system. 4 This involves placement of a 
small inflatable balloon covered with a multiple 
electrode array into the left ventricle. The array is 
placed in addition to the ablation catheter and 
is usually accomplished using a double retrograde 
aortic approach. The system records intracavitary 
potentials from the array that is floating in the left 
ventricle and calculates the morphology of the 
endocardial potentials. The virtual electrograms 
are displayed on a three-dimensional reconstruction 
of the left ventricular endocardium after the opera- 
tor has delineated the endocardial border using 
the ablation catheter. The system can localize the 
ablation catheter in space and can be used to navi- 
gate the catheter nonfluoroscopically. The naviga- 
tion aspect of the system can be used to create 
linear lesions using sequential focal delivery of 
radiofrequency current. 5 This approach allows the 
VT to be induced once, recorded, and terminated. 
While the patient is in sinus rhythm, the endocardial 
recordings obtained during the VT can be analyzed 
offline to define the activation wave front of the VT 
and to identify middiastolic potentials. 


Another approach to ablation of hemodynami- 
cally unstable VT in patients with heart failure is 
the use of an electro-anatomic advanced mapping 
system to create a three-dimensional reconstruc- 
tion of the left ventricle that displays areas of 
scar. Scar can be defined as endocardial sites 
that are associated with the absence of a sizable 
intracardiac electrogram. Pacing at sites along 
the border of the scar can also be used to localize 
VT exit sites, which are often associated with a 
paced QRS morphology that is similar to that 
of the VT. Several focal ablation lesions can be 
delivered in sequence to create linear lesions that 
connect scars to each other or to connect scars to 
anatomical barriers such as the mitral annulus, 
in an effort to transect critical sites required 
for maintenance of reentrant VT. The mapping 
system can be used to navigate the catheter and 
catalog the lesion set. 

13.1.5. Epicardial Ablation 

Endocardial catheter ablation for VT in patients 
with structural heart disease is associated with a 
success rate of -70-80%. When ablation is unsuc- 
cessful, an epicardial location of the critical portion 
of the VT circuit should be considered. 6 

An epicardial location appears to be more 
common among patients with a nonischemic 
dilated cardiomyopathy. The pericardial space 
can be accessed using a percutaneous subxiphoid 
needle approach using fluoroscopic guidance 
and radiographic contrast, or surgically via a 
small subxiphoid window. The epicardial surface 
of the left ventricle can be mapped using a 
standard steerable ablation catheter and ablation 
targets can be selected based on recordings dur- 
ing the VT and pacing maneuvers. It is impor- 
tant to visualize the coronary arteries before 
delivery of radiofrequency current to avoid 
coronary injury. 

We have had experience in this area of inter- 
vention with a hybrid approach, with the sur- 
geons providing access through the subxiphoid 
approach in the electrophysiology lab. The 
pericardial space is then visualized with the aid 
of a thoracoscope and the ablation carried out 
safely. This is an area of ongoing collaboration 
between cardiac electrophysiologists and cardiac 
surgeons (Figure 13.1). 
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Figure 13.1. Termination of ventricular tachycardia (VT) during a catheter ablation procedure. The patient had a 
nonischemic dilated cardiomyopathy with recurrent monomorphic VT that could not be ablated using an endocardial 
approach. Access to the pericardial space was obtained using a subxiphoid window by a cardiac surgeon. Ablation 
was successful using a standard ablation electrode catheter placed in the pericardial space. The VT terminated within a few 
seconds after radiofrequency current was delivered to the epicardium at a critical portion of the reentrant circuit. 


13.2. Surgical Therapy 
for Ventricular Tachycardia 

Surgical therapy for ventricular arrhythmias was 
an important cornerstone of arrhythmia surgery in 
the mid-1980s. However, these procedures fell into 
disuse when performed in isolation. Currently, left 
ventricular reconstruction is often performed in 
association with endocardial radiofrequency abla- 
tion of the border zone to eradicate the VT foci. 
Widespread use of automatic implantable cardio- 
verter defibrillators (ICDs) in patients with low ejec- 
tion fractions may help in preventing postoperative 
arrhythmias, while the substrate is addressed by the 
reduction in ventricular size and exclusion of the 
scarred segments. However, in the developing world, 
where cardiac surgery is on the ascendance, more 
procedures are being performed for heart failure. In 
patients undergoing left ventricular reconstruction, 
we would strongly recommend ablating the border 
zone of the scarred segments with medium power 
electrocautery. In our own experience, we have used 
radiofrequency ablation (both unipolar and fluid- 
cooled unipolar devices) as well as cryo-ablation, 


with encouraging results. A common trap in patients 
with scarred ventricles with more than one scar can 
be that while addressing the largest scar, the other 
scars that are not hemodynamically significant or 
obvious are left alone. One of these smaller scars 
may then act as a focus for initiation of ventricular 
tachyarrhythmias. It may be prudent to treat these 
patients prophylactically with amiodarone. 

Key Points to Remember 


Ventricular dysfunction is associated with 
an increased risk of ventricular arrhythmias, 
which may be a cause of sudden death. 
Catheter ablation of ventricular tachycardia 
may be effective for discrete scars that cause 
lethal ventricular rhythms. 
Surgical ablation is usually performed along 
with left ventricular reconstructions of large 
confluent scars. 

Implantable cardioverter-defibrillators are 
indicated for primary prevention in patients 
with poor ventricular function. 
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Catheter Ablation for Atrial Fibrillation 
in Patients with Heart Failure 

Bradley P. Knight 


14.1. Background 

Pharmacologic therapy for atrial fibrillation (AF) 
is limited in patients with congestive heart failure 
(CHF), because the antiarrhythmic effect of most 
drugs is not specific for the atrium and is associated 
with ventricular proarrhythmia in patients with 
ventricular dysfunction. 

Several nonpharmacologic therapies have been 
developed to treat AF in patients with CHF. For 
patients in whom sinus rhythm cannot be maintained, 
and the ventricular rate cannot be controlled, catheter 
ablation or modification of the atrioventricular 
junction has been shown to improve symptoms 
and often improves ventricular function. 1 The advantages 
of modification of the atrioventricular node over 
complete ablation include cost savings, and 
minimization of pacemaker dependency and the 
adverse hemodynamic effects associated with right- 
ventricular pacing. However, complete ablation and 
pacemaker implantation is more commonly 
performed, because it is more definitive and eliminates 
the irregularity of the ventricular rhythm. 

Nonpharmacologic options for rhythm control 
include catheter ablation. Many catheter-based 
approaches have been proposed. However, most of 
the experience with catheter ablation for AF has not 
been in patients with CHF, but has targeted patients 
with AF and minimal structural heart disease. 


14.2. Percutaneous Endocardial 
Maze Procedure 

The first strategies at catheter ablation to cure AF 
represented attempts to replicate the surgical maze 
procedure using an endocardial catheter approach. 
Early experience by Schwartz showed that AF 
could in fact be cured by using a standard abla- 
tion catheter to deliver sequential confluent focal 
lesions with radiofrequency (RF) energy to cre- 
ate linear atrial lesions. More advanced catheter 
designs including a deployable loop catheter were 
developed in an attempt to improve the ability 
to create reliable, contiguous, transmural linear 
lesions. The MECA (Multiple Electrode Catheter 
Ablation) trial was designed to determine the 
safety and feasibility of specially designed cath- 
eters with multiple large electrodes used to create 
circular, biatrial linear endocardial lesions to treat 
AF. 2 The concept and catheter design were based 
on encouraging animal data. However, the MECA 
study was terminated prematurely because of a 
relatively high complication rate and low efficacy 
rate. Additional limitations of a percutaneous Maze 
procedure include a long, technically difficult pro- 
cedure and the risk of causing atrial tachycardias 
because of conduction gaps in the ablation lines. 
The role of linear atrial lesions in the treatment of 
AF remains unresolved. 
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14.3. Focal Ablation 

Haissaguerre and colleagues published a revolu- 
tionary observation in 1998 that the atrial muscle 
sleeves that extend over the pulmonary veins (PVs) 
are an important source of ectopic beats capable of 
triggering AF. 3 The PV muscle sleeves also appear 
to provide the conditions necessary to maintain 
reentry and perpetuation of AF. Based on these 
observations, attempts were made to cure paroxys- 
mal AF by ablating the initiating, ectopic foci that 
arose from within the PVs. The limitations of this 
focal approach include the presence of multiple 
PV foci, a paucity of spontaneous or inducible AF 
during the procedure, the subsequent development 
of new foci, and the difficulty in mapping triggers 
when AF is persistent. In addition, delivery of RF 
energy deep within the PV can lead to PV stenosis. 

14.4. Segmental Ostial Pulmonary 
Vein Isolation 

Electrical isolation of the PVs avoids many of 
the limitations of focal PV ablation. By isolating 
a PV from the atrium without ablating the entire 
circumference of the PV ostium, Haissaguerre 
and his group developed a technique referred to 
as segmental ostial catheter ablation (SOCA). 4 
The myocardial sleeves that connect the PV to the 
left atrium are a complex network of fibers. These 
fibers do not completely encircle the venous os, 
but are typically located in segments or quadrants 
and spiral around the vein. Electrophysiological 
mapping can be performed to identify the site of 
earliest PV muscle activation at the ostium and the 
PV can be electrically disconnected by delivering 
RF energy to sectors around the PV ostium without 
ablating around the entire circumference. 

The SOCA procedure involves transseptal cath- 
eterization and placement of a standard ablation 
catheter and a circular electrode mapping catheter 
into the left atrium. The mapping catheter is posi- 
tioned near the ostium of the PV and used to iden- 
tify the site of earliest PV activation. The ablation 
catheter is moved toward the target site found using 
the mapping catheter and ablation is performed. 
After ablation is performed at the site of earliest 
activation, the activation sequence usually changes 


and the next target is identified. Ablation is continued 
until there are not more ostial PV electrograms 
recordable. Initial strategies consisted of ablating 
only the arrhythmogenic PVs, but empiric isolation 
of all four PVs has been shown to be associated 
with a higher success rate. Venography of the PVs 
and intracardiac echocardiography are commonly 
used to guide ablation and to avoid delivery of RF 
current in the PVs (Figure 14.1). 

The SOCA has been associated with high suc- 
cess rates in patients with paroxysmal AF and 
minimal underlying heart disease. The low success 
rate at most centers in patients with heart failure 
could be explained by marked abnormalities of 
the remaining atrial tissue in patients with CHE It 
seems that only electrical isolation of the PV would 
not eliminate the substrate for AF in patients with 
CHE Despite the experience of other centers, the 
Haissaguerre group recently published a high suc- 
cess rate in patients with CHF using the SOCA 
technique. They performed SOCA in 58 patients 
with AF who also had CHF and left ventricular 
ejection fraction (LVEF) of <45%. 5 Half of the 
patients required two ablation procedures, and 
additional left atrial linear ablation was performed 
in some patients. The authors found that 78% of 
patients were in sinus rhythm after 1 year and that 
restoration and maintenance of sinus rhythm by 
catheter ablation significantly improved cardiac 
function, symptoms, exercise capacity, and quality 
of life. 

14.5. Circumferential Ablation 

A more recent left atrial (LA) endocardial abla- 
tion technique has been described by Pappone 
and adopted by many centers to treat AF. 6 This 
technique uses a circumferential ablation approach 
that targets the tissue that is on the atrial side of the 
LA-PV junction. Theoretically, this approach elimi- 
nates the triggers and the substrate that are missed 
using the SOCA approach and are unlikely to cause 
PV stenosis because the energy is delivered several 
millimeters away from the ostium of the veins. This 
procedure is commonly performed using a single, 
standard ablation catheter in the left atrium and a 3- 
D electroanatomic mapping system to map the atria 
and PVs. A randomized comparison of the SOCA 
and left atrical catheter ablation (LACA) approaches 


14. Catheter Ablation for Atrial Fibrillation in Patients with Heart Failure 


223 



Figure 14.1. Example of the use of phased-array intracardiac echocardiography to guide transseptal catheterization 
during a catheter ablation procedure for atrial fibrillation (AF). 


found that the LACA approach is superior. However, 
neither approach has become dominant. At many 
centers, a hybrid approach is used where wide-area 
circumferential ablation is performed around the left 
and right PV pairs guided by the electroanatomic 
mapping system. Additional lesions are delivered 
closer to the ostium to achieve electrical isolation 
guided by a circular mapping catheter. 

Alternative ablation concepts include targeting 
fractionated complex atrial electrograms in the 
LA and right atrium, which may represent driving 
rotors that perpetuate AF, and ablating sites associ- 
ated with a vagal response in an effort to modify 
the neural input to the atria (Figure 14.2). 

14.6. Success Rates 
and Complications 

The success rate for catheter ablation for AF depends 
on whether the AF is paroxysmal or persistent and 
the underlying substrate, and ranges between 50% 


and 95% in the literature. In experienced centers, 
the risk of a major complication associated with 
most LA ablation strategies, including PV stenosis, 7 
cardiac tamponade, stroke, and death, is -2-3%. 
A fistula between the LA and esophagus has been 
described as a rare complication of posterior LA 
ablation and has been associated with death. This 
complication has led most interventional electro- 
physiologists to avoid the use of large-tip electrodes 
or to reduce the power and temperature settings 
when delivering RF current. 

Many steps are taken to reduce the risk of throm- 
boembolism associated with the LA ablation. A 
transesophageal echocardiogram is performed in 
patients who are in persistent AF preoperatively. 
High doses of heparin are administered during the 
procedure usually to maintain an activated clotting 
time above 350 s, heparin is restarted after vascular 
sheaths are removed, and patients are discharged 
the following day with injections of low molecular 
weight heparin until the warfarin is therapeutic. 
Warfarin is continued for at least 2 months. 
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Figure 14.2. Example of a three-dimensional CT image of the left atrium and pulmonary veins displayed next to an 
electroanatomic map of the same patient during a catheter ablation procedure for atrial fibrillation (AF). 


Key Points to Remember 


Catheter ablation of atrial fibrillation has been 
developed to a great degree of sophistication. 
At present, these endocardial lesions are typi- 
cally created with the aid of unipolar radio- 
frequency ablation, guided by intra-cardiac 
echocardiography. 
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Surgical Therapy for Atrial Fibrillation 

G. Bolotin and J.G. Maessen 


15.1. Background 

The first modern successful surgical approach to 
atrial fibrillation (AF) was presented in 1980 by 
Boineau, Cox, and coworkers. 1 They described left 
atrial isolation, which was capable of confining AF 
to the left atrium while leaving the remainder of 
the heart in normal sinus rhythm. However, since 
the left atrium continued to fibrillate, the risk of 
thromboembolism remained unchanged. The cor- 
ridor procedure, described by Guiraudon in 1985, 
isolated a band of atrial septum, including the SA 
node and the AV node. 2 Again, the disadvantage 
was that both atria continued to fibrillate postop- 
eratively. The results were therefore disappointing, 
in terms of both the hemodynamics and the risk 
for thromboembolism. After talented and thor- 
ough basic research on animal models, Cox and 
coworkers presented the Maze procedure aimed 
at directing the propagation of the sinus impulse 
throughout both atria, thereby restoring normal 
cardiac hemodynamics and reducing the risk for 
thromboembolism. 3 

15.2. The Maze Procedure 

The Maze I procedure was presented in 1991. 4 
However, because of some late chronotropic com- 
plications and intra-atrial conduction delays that 
resulted in decreased left atrial contraction, a modi- 
fication named Maze II was presented. 5 A third 
version of the procedure (Maze III) was presented 
in 1995 in order to simplify the procedure. 6 In the 
Cox-Maze III operation, incisions and cryolesions 


are strategically made to interrupt the multiple 
reentrant circuits of AF. Right and left atrial inci- 
sions interrupt the most common reentrant circuits 
and direct the sinus impulse from the sinoatrial 
node to the atrioventricular node along a specified 
route. 

15.2.1. Maze III Surgical Technique 

The right atrial appendix is excised, leaving at 
least 2 cm of visible atrial tissue between the inci- 
sion and the anterior superior vena cava (SVC). A 
second perpendicular incision is made from the 
middle of the first incision 2 cm down toward the 
free wall of the right atrium. A posterior longitu- 
dinal right atriotomy is then placed from the SVC 
toward the inferior vena cava (IVC). From the 
latter incision, another perpendicular incision is 
made 1 cm above the IVC cannula, and up to the 
tricuspid annulus. An adjuvant cryolesion is added 
at the level of the annulus to be certain that no 
fibers capable of conduction will be left. The last 
incision on the right side is directed anterolaterally 
from the excised appendix, and up to the tricus- 
pid annulus. This is accompanied by an adjuvant 
cryoablation at the annular level. The left atrial 
and septal incisions include a standard left atrial 
incision in the interatrial groove and another inci- 
sion of the atrial septum through the fossa ovalis. 
The first incision in the interatrial groove is then 
enlarged under vision to encircle and isolate the 
pulmonary veins from the left atrium. The last part 
of the circle is completed with cryoablation. The 
left atrial appendix is amputated from the inside. 
The last incision is from the pulmonary circle 
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toward the mitral annulus. To complete that part 
of the procedure, cryoablation is performed at the 
mitral annulus level and around the coronary sinus. 
All incisions made are closed using a continu- 
ous suturing technique. In 2000, Cox presented a 
minimally invasive modification for the procedure 
in which cryolesions replace most of the incisions 
and the left atrial appendage (LAA) does not need 
to be removed. The orifice of the appendage was 
cryoablated circumferentially and then closed from 
inside the left atrium. 7 

15.2.2. Maze III Results 

The Cox-Maze III operation is the gold standard 
for surgical treatment of AF. Cox and colleagues 
have reported excellent results of patients undergo- 
ing Cox-Maze procedures of all types. 8 Out of 346 
patients, operative mortality was 2%. AF was cured 
in 99%, and only 2% required long-term post- 
operative antiarrhythmic medication. Successful 
ablation of AF was unaffected by the presence of 
mitral valve disease, left atrial size, and type of AF 
(paroxysmal vs persistent). Temporary postopera- 
tive AF was common, occurring in 37% of patients. 
The authors' explanation was that because of the 
immediate postoperative period and until the atria 
heal from surgery, local refractory periods may be 
much shorter and thus the macro-reentrant circuits 
can be much smaller. 9 Fifteen percent of patients 
required new pacemakers after surgery. Right atrial 
transport function was demonstrated in 98% and 
left atrial transport function in 93%. 

The results of the Maze III as reported by other 
centers were less favorable. At the Cleveland Clinic 
and Mayo Clinic, late freedom from AF is reported 
to be around 90%. 10 In a wide review of all the pub- 
lished data done by Khargi and coworkers in 2005, 
the results of 1,553 patients who underwent Maze 
III (out of 16 publications) are summarized. 11 The 
mean postoperative SR rates were 84.9%. Personal 
experiences of the editor of this book and Dr Melo 
from Carnaxide, Portugal, with the cut-and-sew 
maze procedure have been even less favorable. 
Major limitations of many of the follow-up studies 
of these surgical series are that they often relied on 
postal or telephonic follow-up. Atrial transport func- 
tion was frequently measured with erroneous meas- 
ures such as transmittal Doppler velocities (such as 
E/A ratios). Despite the supposed excellent results of 


the Maze procedure from the early 1990s onwards, 
less than 4,000 cut-and-sew maze procedures have 
been performed worldwide. This may also be in 
part due to longer operative times and increased 
morbidity and mortality of this procedure. 

15.3. Less-Invasive Surgical 
Procedures 

15.3.1. Partial Mazes 

Many groups have reported procedures 12 ' 13 that 
include some of the incisions and cryoablation 
lesions of the Cox-Maze III operation, but not all; 
these are categorized as partial-Maze procedures. 
They tend to focus on the left atrium, including 
isolation of the pulmonary veins and excision or 
exclusion of the left atrial appendage. They gener- 
ally ignore the coronary sinus, which supposedly 
increases the risk of atrial flutter. 14 

15.3.2. Alternative Energy Sources 

to the Classical Cut-and-Sew Technique 

In the last few years, several alternative energy 
sources have been introduced for ablating the heart 
tissue during AF surgical procedures. 14 The main 
advantages are less time and less risk as compared 
to the classic Maze III. The main problem with all 
of the energy sources is whether or not a transmural 
lesion is achieved (Figure 15.1). 

15.3.3. Radiofrequency 

Unipolar, unipolar with irrigated cooling, and bipo- 
lar systems with irrigated cooling are available in 
the market. The unipolar probes are used mainly 
endocardially, though there have been reports 
of unipolar epicardial applications also. Bipolar 
radiofrequency ablation is usually for epicardial 
ablation. Most bipolar systems have a flaw in that 
high impedance is often equated with a transmural 
lesion. Probably, the bipolar systems have some 
advantage in creating transmural lesions because 
of capture of the tissue between the electrodes. 
However, bunching of the tissue and incomplete 
coverage may be an issue. Furthermore, connecting 
lesions to remote areas of the left and right atrium 
is impossible to achieve. Although lesions sets 
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Figure 15.1. Early endocardial lesion set — proposed by Melo, based on bilateral isolation of pulmonary veins with 
left atrial appendage (LAA) closure. 




Figure 15.2. Cobra-adhere- 
ablation device. 


-unipolar radiofrequency 


Figure 15.3. Medtronic Cardioblate, a bipolar irrigated 
radiofrequency ablation device that has been used widely 
in Europe. 


created with radiofrequency energy vary, results 
are similar: AF is ablated in 70-80% of patients. 15-17 
Perioperative AF after radiofrequency ablation is 
common, occurring in approximately two-thirds of 
patients 18 (Figure 15.2). 

This device delivers unipolar radiofrequency to 
the atrial along with some weak suction to promote 
contact of the electrodes with the tissue (Figures 
15.3 and 15.4). 

15.3.4. Microwave 

The microwave probes are used mainly epicar- 
dially. The long Flex 10 probe was designed to 


be used for minimally invasive approaches and 
robotic-assisted ablation. 19,20 


15.3.5. Cryoablation 

Sueda and colleagues reported successful abla- 
tion using cryothermy ablation. 21 Gaita and 
coworkers have reported limited left atrial cryo- 
ablation combined with isolation of the pul- 
monary veins cures AF in -70% of patients 22 
(Figures 15.5 and 15.6). 
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Figure 15.5. Surgifrost-Cryoprobe which incorporates the 
flexibility of the early Cobra radiofrequency (RF) probe and 
reliable cooling of the tissue to less than -100 °C 


15.4. The Issue of Transmurality 
in Surgical Ablation for Atrial 
Fibrillation 

The only goal of producing lesions with any abla- 
tion tool is the substitution of conducting tissue by 
nonconducting, scar tissue. The golden standard 


has been supposedly set by the "cut-and-sew" tech- 
nique in the original Cox-Maze procedure. This is 
a "gold standard" that few discerning surgeons and 
even fewer in the cardiological community accept. 
In percutaneous ablation approaches, cardiologists 
have translated this goal in achieving conduc- 
tion block as evidenced by electrophysiological 
measurements. The percutaneous approach allows 
checking for conduction block during the interven- 
tion. In line with the Maze procedure, surgeons 
redefined this goal into the production of histologi- 
cally transmural lesions. In contrast to their cardi- 
ology colleagues, they can check the histological 
quality of their lesions only by indirect means. 
Despite excellent clinical results obtained by sur- 
geons in treating AF, recent studies have shown 
that the establishment of histologically transmural 
lesions is not as obvious as generally assumed. 
The question is whether this is important for our 
routine ablation procedures, and if so, how should 
we deal with it, based on the current evidence 
available. 23-26 
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a b 

Figure 15.6. The proposed lesion sets on the right (a) and the left atria (b) that have the best likelihood of replicating 
the Cox-Maze III lines of block with a variety of energy sources. 


Tissue characteristics considerably influence the 
continuity of lesions and lesion depth in the first 
place. The thickness of the atrial wall may vary 
tenfold within one ablation line. Similarly, the 
amount of fat tissue present in the different areas 
around the pulmonary veins shows a high intra and 
interindividual variability. Furthermore, trabecu- 
lated areas creating bridges from isolated regions 
to normal conducting tissue may be responsible for 
persistent conduction. In the elderly and in patients 
with manifest hypertrophy of the atrial tissue, the 
presence of scattered fibrosis may offer another 
hurdle for ablation techniques to make smooth, 
consistent lesions. The temperature of the tissue 
and its surroundings is also likely to affect the 
lesion depth but poorly studied in the clinical set- 
ting. Beating heart versus the arrested heart, hypo- 
thermic perfusion versus normothermic perfusion, 
epicardial versus endocardial, all these approaches 
offer different environmental conditions for the 
ablation tools. An experimental study suggested 
that with radiofrequency ablation the endocardial 
approach is more effective than the epicardial 
approach. It is very likely that these unpredictable 


and mostly uncontrollable conditions determine 
the quality of a lesion set rather than the energy 
source used for the ablation or the design of the 

tool 23,24,27 

Most information on the quality of ablation 
lesions has been offered by studies on isolating 
pulmonary veins. The human anatomy allows 
ablation of the pulmonary veins, one by one, two 
by two, and sometimes, all four or five together in 
one encircling. The existence of an entrance and 
exit block between the pulmonary vein area and 
the atrial tissue, proving electrophysiological isola- 
tion, can thus be easily determined by monitoring 
the EKG during pacing from within and outside 
the isolated area. From such studies, the need for 
transmurality and the equivalence between trans- 
murality and electrophysiological isolation has 
been questioned. First, it was shown that transmu- 
rality may not be obtained until several weeks after 
ablation whereas electrical isolation is achieved 
immediately during the procedure, suggesting that 
lesions may develop in time. Second, an autopsy 
study revealed that certain patients in sinus rhythm 
with proven conduction block during surgery 
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appear to have incomplete continuity of their lesion 
set and partially, incomplete transmural lesions 
at autopsy. 27 This observation was confirmed in 
a study in which 58 ablation lesions from seven 
patients who died between 2 and 22 days post- 
operatively were studied. 28 These seven patients 
had a concomitant antiarrhythmic procedure using 
saline irrigated cooled tip radiofrequency ablation 
(SICTRA) to treat permanent AF. Histological 
examination showed transmurality in 96-100% of 
the SICTRA lesions at the pulmonary vein orifices 
and the posterior left atrial wall, but only in 14% of 
the left atrial isthmus lesions, resulting in an overall 
transmurality rate of 76% of the induced SICTRA 
lesions. Finally, it was recently demonstrated that 
in a large group of patients with clinically suc- 
cessful treatment and proven electrophysiological 
block initially during the intervention, conduction 
block was lost several months after the ablation 
procedure without recurrence of AF. 29 What all 
these means clinically is open to question. The left 
atrial isthmus lesion, along with the coronary sinus 
lesion, was insisted as being essential by Cox, 
based on anecdotal experience with a few patients 
and this may in itself be fallacious. 

From these observations, one can only conclude 
that our current understanding of the success of 
our ablation procedures is at least incomplete. In 
an effort to address this problem, a recent experi- 
mental study showed that the effect of isolating the 
pulmonary veins is not an all-or-non phenomenon. 
Complete isolation of the pulmonary veins revealed 
a 100% success rate. However, if deliberately a gap 
was left in the encircling of the veins, still a very 
significant reduction in the susceptibility of the 
atrial tissue for AF was observed. 20 However, these 
were animal studies not conducted in a chronic AF 
model. These findings may offer an explanation for 
the discrepancy between the claims and reality of 
relatively high success rate of today's pulmonary 
veins ablation procedures despite the conflicting 
data about continuity and transmurality of the 
lesions produced by these techniques. Apparently, 
these procedures not only affect the pulmonary 
veins but other structures involved in the initiation 
or maintenance of AF as well. 30-34 

Transmurality has become an important issue, 
partly because several companies claim that their 
tools create transmural lesions, suggesting that 
others do not. Comparative, clinical studies are in 


progress but do not yet allow final conclusions on 
superior efficacy of certain tools. The current clini- 
cal impact of the transmurality issue is difficult to 
assess. A recently published systematic review 
offered some important hints in this respect. The 
results of the classic "cut-and-sew" Cox-Maze III 
procedures were compared to results of procedures 
using alternative sources of energy to obtain a 
biatrial lesion patron. Patients in the first group had 
a 85.3% postoperative SR conversion rate versus 
79.7% in the ablation group. If this difference of 
5.6% can be completely attributed to problems in 
achieving transmurality, the impact is distinct but 
small. 11 This may also be partly due to inadequate 
appreciation of the limitations of each of the alter- 
native energy sources by the surgeons. 

On the basis of the currently available evidence, 
one might conclude that histological transmurality 
is not a prerequisite for clinical success. Measuring 
the occurrence of a conduction block during abla- 
tion is an informative but not conclusive tool 
to determine successful treatment. Sophisticated 
mapping techniques might appear necessary to 
guide ablation strategies and control its efficacy 
in the future. More comparative clinical as well as 
experimental studies are needed to test the effec- 
tiveness of various ablation tools in this respect. 
The ultimate target for more successful ablation 
procedures has yet to be defined. 

15.5. Results 

In general, the results of all ablation-based surgi- 
cal procedures range around 70% sinus rhythm at 
6 months postoperatively. Neither energy source 
nor surgical technique (excluding the classic Maze 
III procedure) has been found to be superior. The 
reason for this is probably multifactorial, including 
lack of transmural lesions in many cases, differ- 
ent lines of ablation, and different patient selec- 
tion as compared to that in Cox's reports." 14 As 
mentioned before, this may be partly because of 
misleading advertising by the various vendors: sur- 
geons using the techniques are not as familiar with 
the limitations of their energy sources as cutting- 
and-sewing. Another reason for the lack of a clear 
difference between the various procedures was 
suggested by Thomas and coworkers, who reported 
that pulmonary vein isolation is indeed an advan- 
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tage; however, a block of AF was demonstrated 
in significant cases without completely successful 
pulmonary vein isolation. 20 

The results of the less-invasive approach for sur- 
gical treatment of AF are good enough to perform 
ablation for both paroxysmal and chronic AF in 
most of the patients undergoing cardiac operations 
for other indications. However, it is clear that more 
preclinical and clinical work should be done before 
surgical treatment will be indicated on a wide scale 
for patients with isolated AF. 

15.5.1. Keypoints to Remember 
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Pacing Therapies, Defibrillators, and 
Post-Operative Arrhythmias 

Bradley P. Knight 


16.1. Introduction 

Ventricular dysfunction is associated with myocar- 
dial fibrosis, dilatation, and hypertrophy. The 
syndrome of congestive heart failure (CHF) 
caused by ventricular dysfunction leads to sym- 
pathetic activation and abnormal electrophysiology. 
These factors predispose patients with CHF to 
atrial and ventricular tachyarrhythmias by pro- 
viding the substrate for reentry and by causing 
the triggers that lead to arrhythmias caused by 
triggered activity and abnormal automaticity. 
Patients with CHF also commonly have conduction 
disease that is manifest as sinus node dysfunc- 
tion, atrioventricular block, and intraventricular 
conduction delays. 

Once a patient with CHF develops atrial fibril- 
lation (AF), heart failure symptoms worsen and 
a negative feedback loop is established. The 
presence of AF is an independent predictor of an 
increase in mortality in many heart failure trials. 
Aggressive therapy directed at each problem is 
necessary in patients with CHF and AF. Patients 
with CHF are at an increased risk of sudden 
cardiac death caused by ventricular tachycardia 
(VT) and fibrillation. These patients should be 
considered for implantable devices therapy for the 
prevention of sudden death. 

This chapter will discuss implantable cardiac 
rhythm management device therapy for patients 
with CHF. Because arrhythmias such as AF and 
heart block are common following cardiac sur- 
gery, therapy for these arrhythmias will also be 
covered. 


16.2. Prevention of Sudden Death 
in Patients with Heart Failure 

Left ventricular dysfunction is a well-established 
risk factor for sudden death. The clinical syndrome 
of congestive heart failure (CHF) itself can also 
contribute to arrhythmogenesis in patients with 
ventricular dysfunction and can increase mortality 
in patients with either an ischemic or nonischemic 
dilated cardiomyopathy, independent of ejection 
fraction. Unfortunately, antiarrhythmic drugs have 
not been found to improve mortality in patients 
with CHF. In fact, the use of sodium channel 
blockers such as flecainide increases mortality in 
patients post myocardial infarction. 

Defibrillator therapy has been shown to improve 
mortality among patients with CHF and left ven- 
tricular dysfunction. The Sudden Cardiac Death 
in Heart Failure Trial (SCD-HeFT) found a 
mortality benefit from defibrillator therapy for 
primary prevention among patients with CHF and 
either an ischemic or nonischemic dilated cardio- 
myopathy. 12 This trial prompted a revision of the 
coverage guidelines for implantable defibrillator 
by the Center for Medicare & Medicaid Services 
(CMS) in 2005. 3 This coverage decision provides 
a reasonable guideline when evaluating patients 
for defibrillator therapy. Patients who should be 
considered for implantable defibrillator for pri- 
mary prevention include the following: 

1. Patients with ischemic dilated cardiomyopathy, 
documented prior myocardial infarction, New 
York Heart Association (NYHA) class II and III 
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heart failure, and measured left ventricular ejec- 
tion fraction (LVEF) of <35%; 

2. Patients with nonischemic dilated cardiomyopa- 
thy of >9 months, NYHA class II and III heart 
failure, and measured LVEF of <35%; 

3. Patients who meet all current CMS coverage require- 
ments for a cardiac resynchronization therapy (CRT) 
device and have NYHA class IV heart failure. 

Patients must not have the following 
characteristics: 

1 . Cardiogenic shock or symptomatic hypotension 
while in a stable baseline rhythm; 

2. Had a coronary artery bypass graft (CABG) or 
percutaneous transluminal coronary angioplasty 
(PTCA) within the last 3 months; 

3. Had an acute myocardial infarction within the 
last 40 days; 

4. Clinical symptoms or findings that would make 
them a candidate for coronary revascularization; 

5. Irreversible brain damage from preexisting 
cerebral disease; 

6. Any disease, other than cardiac disease (e.g., cancer, 
uremia, liver failure), associated with a likelihood 
of survival less than 1 year (Figure 16.1). 



Figure 16.1. A fluoroscopic image of a transvenous defi- 
brillator system that delivers cardiac resynchronization 
therapy by simultaneously pacing from the right ventricular 
defibrillator lead and the left ventricular coronary vein 
pacing lead. 


16.3. Cardiac Resynchronization 
Pacing Therapy 

16.3.1. Background 

Intraventricular conduction disturbances are com- 
mon in patients with CHF Up to one-third of 
patients with heart failure have a bundle branch 
block and a QRS duration greater than 120 ms. An 
intraventricular conduction delay is a marker of 
more severe myocardial disease, but also causes 
a reduction in cardiac output and worsening heart 
failure by causing inter- and intraventricular dys- 
synchrony. In addition, a bundle branch block 
can worsen mitral regurgitation by changing the 
ventricular activation sequence. The severity of the 
intraventricular conduction delay has been shown 
to correlate directly with mortality in patients with 
heart failure. 

The principle behind resynchronization pac- 
ing therapy is to simultaneously pace at two 
or more ventricular sites to minimize the time 
required for ventricular activation and improve 
cardiac synchrony. Several acute hemodynamic 
studies have shown that biventricular pacing 
improves inter- and intraventricular synchrony, 
mitral regurgitation, and diastolic function. 
Biventricular pacing has also been shown to 
improve cardiac efficiency by increasing cardiac 
work without increasing myocardial oxygen 
consumption. 

16.3.2. Clinical Trials of Permanent 
Biventricular Pacing 

Multiple clinical trials have been performed to 
measure the effect of permanent biventricular 
pacing in patients with advanced heart failure and 
ventricular dyssynchrony. The trials can be divided 
into two groups based on whether or not the patients 
had an indication for defibrillator therapy. These 
trials have demonstrated that CRT is associated 
with an improvement in functional capacity based 
on quality of life, exercise oxygen consumption, 
and heart failure classification. A meta-analysis of 
four major randomized trials revealed a significant 
51% reduction in mortality from progressive heart 
failure in the 1,634 patients studied. 4 

The largest trial of CRT was the Comparison 
Of Medical Therapy, Pacing, and Defibrillation 
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in Heart Failure (COMPANION) trial. Patients 
were required to have a dilated cardiomyopathy, 
LVED dimension of >60mm, NYHA functional 
classification III-IV symptoms, ejection fraction 
of <0.35, QRS duration of >120ms, a PR interval 
of >150ms, and at least one hospitalization for 
CHF in the previous 12 months. Patients were 
randomized to one of three arms: biventricular 
pacemaker, an implantable defibrillator with biv- 
entricular pacing, or no device, in a 2:2:1 ratio. 
The trial was stopped prematurely after 1,600 of 
the anticipated 2,200 patients were enrolled, due 
to a statistically significant 20% reduction in the 
primary endpoint of combined all-cause mortality 
and hospitalizations in the biventricular pacing arm 
(one-half biventricular pacemakers and one-half 
biventricular pacing defibrillators) as compared to 
no pacing. The absolute mortality rates after 1 year 
of follow-up were 19%, 15%, and 11% for the no 
pacing, biventricular pacing, and biventricular pac- 
ing defibrillator groups, respectively. 


16.3.3. Current Indications for CRT 

Patients with advanced, medically refractory CHF 
and ventricular dyssynchrony should be considered 
for CRT. Because the etiology of heart failure does 
not appear to be predictive of response to CRT, 
patients with or without coronary artery disease 
are candidates for biventricular pacing The current 
indications for CRT include NYHA class III or 
IV CHF symptoms, LVEF of <35%, and a QRS 
duration of > 120 ms. The QRS duration is a con- 
venient method to identify patients with ventricu- 
lar dyssynchrony, but is an imprecise measure of 
mechanical dyssynchrony. Therefore, alternative 
methods such as tissue Doppler real-time three- 
dimensional echocardiography are being investi- 
gated as alternative methods to measure ventricular 
dyssynchrony and to identify patients who might 
benefit from CRT. 5 

Ventricular pacing itself leads to ventricular 
dyssynchrony, regardless of the baseline QRS 
duration. Patients with advanced heart failure 
who require ventricular pacing should also be 
considered for biventricular pacing as an alter- 
native to right ventricular pacing. Although 
patients with a bradycardia indication for a pace- 
maker were not included in most biventricular 


pacing trials, a study of patients who had under- 
gone prior atrioventricular (AV) node ablation 
and right ventricular pacemaker implantation 
demonstrated a significant improvement in heart 
failure symptoms after an upgrade to a biven- 
tricular pacemaker. 

16.3.4. Considerations Regarding CRT 
Device Implantation 

Biventricular pacing is usually achieved by simul- 
taneously pacing the right ventricle and the left 
ventricle. In patients who are in sinus rhythm, 
a right atrial lead is placed for atrial sensing to 
allow ventricular stimulation to occur shortly after 
atrial systole. Patients who are in sinus rhythm are 
usually paced with an AV delay that is shorter than 
the PR interval to maintain constant biventricular 
capture. Successful resynchronization therapy 
depends on continuous biventricular capture. It is 
difficult to maintain ventricular capture in patients 
with atrial fibrillation (AF) unless the ventricular 
response is slow or there is complete heart block. 
However, in general, patients with AF and intact 
AV conduction are candidates for CRT when AV 
conduction can be depressed with medications or 
catheter ablation. 

Because patients who are candidates for CRT 
usually have severe ventricular dysfunction and are 
at risk for ventricular arrhythmias, it is not clear 
which patients are candidates for a biventricular 
pacemaker without defibrillator capabilities. There 
are six steps during implantation of a transvenous, 
atriobiventricular pacing device: implantation of a 
standard right-sided pacing or defibrillation lead, 
cannulation of the coronary sinus with a guiding 
sheath, coronary sinus venography, placement of a 
pacing lead in the coronary vein for left ventricular 
pacing, removal of guiding sheath, and attachment 
of the leads to the pacing generator. When a suit- 
able left ventricular pacing site cannot be obtained 
from the coronary veins, permanent epicardial lead 
placement should be considered. New pericardial 
approaches and robotics are under development 
to achieve minimally invasive epicardial pacing. 
Devices that have programmable timing offset 
between the right ventricle and the left ventricle are 
also being evaluated in clinical trials to determine 
whether or not this function can further improve 
ventricular synchrony. 
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16.4. Management of Arrhythmias 
After Cardiac Surgery 

1 6.4. 1 . Atrial Fibrillation 

Arrhythmias are common following cardiac sur- 
gery. AF is the most common sustained arrhyth- 
mia after heart surgery and occurs in about 
20-40% of patients. 6 Although some studies have 
found that minimally invasive cardiac surgery 
and surgery without the use of cardiopulmonary 
bypass are associated with a lower incidence of 
postoperative arrhythmias, the incidence of AF 
remains high. 

Postoperative AF usually occurs within 1 week 
of surgery and has a peak incidence on postop- 
erative day 2. Although the arrhythmia usually 
resolves over time, postoperative AF is associ- 
ated with significant morbidity, prolongation of 
length of stay, and increased costs. Multiple 
mechanisms contribute to postoperative AF; how- 
ever, sympathetic stimulation and pericarditis are 
important factors. Age appears to be the most 
powerful, independent predictor of postoperative 
AF. Additional risk factors include valvular heart 
disease, chronic lung disease, atrial enlargement, 
and preoperative atrial arrhythmias. 7 Patients with 
risk factors for AF should be targeted with pre- 
ventive strategies. 

Most randomized, controlled trials of beta- 
blockers have demonstrated a protective effect 
for postoperative AF. However, many patients in 
these trials were on beta-blockers preoperatively. 
Therefore, the protective effect of beta-blockers 
that has been demonstrated may have been due 
partly to beta-blocker withdrawal in the placebo 
group. Nonetheless, beta-blockers appear to be 
protective for both AF and recurrent ischemic 
events in patients undergoing cardiac surgery and 
should be prescribed postoperatively unless there 
are contraindications. 

Additional strategies have been found to further 
reduce the incidence of postoperative AF. For 
patients scheduled for elective cardiac surgery, 1 
week of oral, preoperative amiodarone at a dose 
of 600 mg per day is highly effective and well 
tolerated for prevention of AF. 8 Postoperative intra- 
venous (IV) amiodarone was found in the ARCH 
(Amiodarone Reduction in Coronary Heart) trial to 


significantly reduce the incidence of postoperative 
AF and is an option for patients who require urgent 
surgery. However, IV amiodarone is expensive and 
was not found to reduce hospital length of stay in 
the ARCH trial. 9 

Oral sotalol can prevent postoperative AF, but 
should be given in low doses to prevent ventricular 
proarrhythmia, and should be avoided in patients 
with renal insufficiency. Digoxin, verapamil, mag- 
nesium, and procainamide are not useful for pre- 
vention of postoperative AF. 

Biatrial pacing appears to be a useful strategy 
to prevent postoperative AF. 10 The concept is that 
pacing more than one atrial site using temporary 
epicardial pacing wires causes less dispersion in 
atrial refractoriness and shortens the total atrial 
activation time compared to sinus rhythm or single- 
site atrial pacing. 

The management of postoperative AF is similar 
to the management of AF that is not associated 
with surgery. Because a majority of AF resolves 
within a couple of months after surgery, rate con- 
trol and anticoagulation is a reasonable alternative 
to restoration of sinus rhythm if the AF is well 
tolerated. In general, anticoagulation should be 
instituted for AF that persists for >48 h. However, 
the risk of anticoagulation in a patient who has just 
undergone cardiac surgery must be assessed on an 
individual basis. When the risk of anticoagulation 
with heparin is felt to be high in a patient who 
develops postoperative AF, prompt cardioversion 
within 48 h should be considered, so that antico- 
agulation can be avoided. 

16.4.2. Ventricular Arrhythmias 

Ventricular tachycardia and fibrillation can occur 
in patients with heart failure after cardiac sur- 
gery. Treatment should be based on standard Adult 
Cardiac Life Support guidelines. IV amiodarone is 
a useful drug to prevent recurrent arrhythmias while 
the patient is in the hospital. The use of antiarrhyth- 
mic drugs for asymptomatic nonsustained ventricular 
tachycardia should be avoided. Most patients do not 
require long-term therapy to prevent recurrent ven- 
tricular arrhythmias, because most of these arrhyth- 
mias are a result of reversible causes. However, 
when a reversible cause cannot be identified, patients 
should be considered for implantable defibrillator 
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therapy. Patients who have persistent ventricular 
dysfunction several weeks following heart surgery 
should be evaluated for defibrillator therapy as well 
regardless of a prior history of arrhythmias. 

16.4.3. Bradycardia 

Sinus node dysfunction and atrioventricular block 
(AVB) are not uncommon after heart surgery 
but are usually transient. AVB is more common 
after vavlular heart surgery compared to coronary 
bypass surgery and can be permanent. Patients can 
usually be treated acutely with dual-chamber pac- 
ing using the epicardial temporary pacing wires 
placed at the time of surgery. However, it is not 
always easy to determine whether to implant a 
permanent pacemaker early postoperatively or to 
continue to wait for return of conduction. Prior 
reports have recommended 3-21 days after the 
onset of high-degree AVB as a reasonable waiting 
period before pacemaker implantation. A recent 
study found that 11% of patients had complete 
AVB and 6% required permanent pacing after aor- 
tic and mitral valve surgery. The study suggested 
that if complete AVB is present within the first 24 h 
postoperatively and persists for >48h, it is unlikely 
to resolve within the next 1-2 weeks. The authors 
recommended that in patients otherwise ready for 
discharge, pacemaker implantation should be per- 
formed before postoperative day 7. 11 
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Ventricular Containment, Shape Change, 
and Infarct Restraint 

Jai Raman 


This chapter describes the concepts behind the 
shaping of the ventricle to prevent heart failure 
progression. The techniques described range from 
ventricular containment, infarct restraint, and sta- 
bilization to modifying the ventricle to reduce wall 
stress. 

The left ventricle is a cone in three dimensions 
with an elaborated rugose and trabeculated endo- 
cardial surface. The right ventricle on the other 
hand is crescent shaped in cross-section and wraps 
around the right side of the left ventricle. In systo- 
lic heart failure, as the ventricles dilate, the normal 
shape and size of the ventricles get distorted. This 
then affects the Frank-Starling mechanism of the 
heart, 1 which was described initially by Frank in 
1895 and further elaborated in 1914 by Patterson 
and Starling. 2 This describes the pressure-volume 
relationship of the left ventricle and the importance 
of preload in driving the mechanical properties of 
the heart as a pump. Unfortunately, most studies 
on cardiac physiology have been with them in the 
isolated heart preparation and are limited as being 
in one or two dimensions. 

The left ventricle is best described in physi- 
cal terms as a prolate spheroid and the equatorial 
region can be approximated as a thick-walled 
cylinder. Guccione et al. focused on this equatorial 
region to yield an analytically tractable boundary 
value 3 and the application of various laws, such as 
LaPlace's law. 

Freeman collected pressure-volume data on 
intact pericardia from dogs and showed that peri- 
cardium acted as an effective constraint to deforma- 
tions of the ventricles. 4 This served as the concept 


behind cardiomyoplasty and passive ventricular 
constraint. 

The concept of shape change to alter wall stress 
in larger hearts is based on the application of 
LaPlace's law to the left ventricle. There are limi- 
tations to simple interpretation of this law and this 
may be the reason behind suboptimal results with 
the devices that advocate shape change as a means 
of controlling heart failure. 

17.1. Ventricular Containment 

Ventricular containment, constraint, or restraint 
is a concept that arose out of the experience with 
dynamic cardiomyoplasty. The positive outcomes 
with this procedure in the 1980s were shown to be 
due to constraint provided by the muscle wrap of 
the ventricles (constraint provided by cardiomyo- 
plasty). We then proposed, based on suggestions by 
prominent surgeons including Stuart Jamieson, that 
we might dispense with the muscle and attempt 
passive constraint with a prosthetic mesh. Our 
early proof of concept experiments performed at 
the Austin Hospital, Melbourne, in 1997 showed 
that passive ventricular constraint prevented pro- 
gression of heart failure. 5 

Drs John Power and Raman then proceeded 
to study a large group of sheep in various stages 
of heart failure to establish the role of passive 
ventricular constraint in halting the progression 
of heart failure. 6 Based on our animal work and 
similar experiments with another model of heart 
failure at Detroit, 7 the concept of ventricular con- 


239 


240 


J. Raman 



Figure 17.1. Ventricular containment as a concept. Schematic 
diagram of a heart contained by polyester mesh. 



Figure 17.2. Operative photograph of one of the first 
implants of the Acorn cardiac support device. Operative 
photograph of a contained ventricle in the setting of 
CABG (1999). Note the window in the mesh cut away 
for a distal anastomosis of a graft. 


straint was studied in human patients by a start-up 
company called Acorn Cardiovascular, Inc. The 
first human procedure was performed at the Austin 
Hospital in Melbourne on April 19, 1999, by 
Raman and colleagues. Thereafter, a phase 1 study 
was performed in Berlin and Melbourne. Figure 

17.1 shows an artist's depiction of the mesh con- 
taining the heart. Based on this early experience, 
a pivotal trial was conducted in the USA with 15 
participating centers. The results of this study were 
presented at the 2004 annual scientific sessions of 
the American Heart Association (AHA). Figure 

17.2 shows the operative photograph of one of the 
first patients who underwent this procedure at the 
Austin Hospital, Melbourne. 

17.1.1. Summary of Randomized Study 
of the Acorn Cardiac Support Device 

300 Patients with Heart Failure 

81.3% New York Heart Association (NYHA) 
class III, 3.7% class IV 

55% males, mean age 52.5 years 

97% received angiotensin-converting enzyme 
(ACE) inhibitors or angiotensin receptor blockers, 
85% beta-blockers, 98% diuretics 
CorCap Cardiac Support Device (CSD) 

n = 148 


9 1 received mitral valve repair 
Control 
n = 152 

102 received mitral valve repair 
Primary Endpoint 

Composite classification of improved, the same, 
or worse based on occurrence of death, change in 
NYHA class, or cardiac procedure indicative of 
heart failure progression. 

In the primary composite endpoint, more patients 
in the CSD group than in the control group were 
classified as improved, while fewer were classi- 
fied as worse for a significant odds ratio of 1.73 
(p = 0.02). 

The primary composite endpoint was largely 
driven by a significant reduction in major cardiac 
procedures and a trend toward improvement in 
NYHA in the CSD group compared with the con- 
trol group. There was no difference between the 
two groups in the third component of the primary 
endpoint, mortality (p = 0.90). 

17.1.1.1. Salient findings of the Acorn Trial 
in the US 

• Among patients with heart failure and dilated 
cardiomyopathy (CMP), the CorCap CSD was 
associated with a significantly improved pri- 
mary composite endpoint, namely, clinical status 
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based on rates of death, major cardiac procedures 
indicative of heart failure progression, or changes 
in NYHA class. 

• The primary endpoint largely driven by signifi- 
cant reduction in major cardiac procedures and 
a trend toward improvement in NYHA class in 
the CSD group. No difference between the two 
groups in mortality. 

• The CSD group had significantly lower left 
ventricular end-systolic volume (LVESV), left 
ventricular end-diastolic volume (LVEDV), a 
significantly greater improvement in sphericity 
index, and significant improvements in measures 
of quality-of-life than the control group. 

• However, the groups had similar left ventricu- 
lar (LV) ejection fractions and similar rates of 
adverse events, including repeat hospitalizations. 

17.1.1.1. Drawbacks 

Unfortunately, the trial though painted as positive 
in media releases was turned down by the Food and 
Drug Administration (FDA) panel. Their reasons 
were manyfold and make interesting reading: 

Lack of complete follow-up 

Data not validated by a core lab 

Composite endpoint was significant, but no single 

factor achieved significance of its own 
No change in LV ejection fraction between the 

groups 

No differences in heart failure admissions or mor- 
tality between the two groups 

The decreased need for new cardiac procedures 
in the study group was perceived as a reluctance on 
the part of implanting surgeons to go back into a 
patient with an increased risk of severe adhesions. 

While the US experience with the Acorn CorCap 
was interesting and showed that a randomized 
multicenter trial could be conducted in cardiac 
surgery, it also highlighted the need for clear and 
definite endpoints to be delineated before the study 
was started. 

Another interesting lesson was the Hawthorne 
effect in all groups that showed that continued care 
and repeated follow-up actually benefited patients 
and reduced heart failure symptoms and conse- 
quently admissions. 

Nevertheless, the areas that showed significant 
difference were those concerned with LV dimen- 


sions and size, with the study group demonstrating 
that the ventricles were contained at the smaller 
size. Our own work in animals showed that the best 
results were obtained when sheep were contained 
in a moderate phase of heart failure (akin to class 
II heart failure). 6 Containment late in the cycle of 
dilatation and heart failure provided marginal ben- 
efit with improved survival in sheep with contained 
ventricles. 8 

In order to make this approach worthy of clinical 
application, the device has to be dramatically mod- 
ified to allow subsequent interventions to be safe. 
In addition, it would be preferable to use smart 
materials that actively promote reverse remodeling 
of the ventricles. 

17.2. Alteration of Left 
Ventricular Wall Stress by Shape 
Change 

17.2.1. Myocor Approach 

Myocor is a company that started up in 1996 to 
utilize the concept of ventricular shape alteration 
to reduce wall stress. It presupposes the left ven- 
tricle to be a cylinder or a sphere. If LaPlace's law 
were applied, wall stress increases proportionate 
to the radius of curvature. To alter and reduce this, 
Myocor proposed skewering the heart with a ten- 
sioning chord or splint that would change the left 
ventricle in cross-section from a large circle to two 
small circles or a bilobed ventricle. Preliminary 
studies with the Myosplint in human patients were 
performed in Munich with poor results. McCarthy 
implanted a few of the myosplint devices acutely in 
patients undergoing transplantation prior to explant 
of the heart with similarly poor results. 

Figure 17.3 shows the Myocor myosplint, which 
was an interesting idea but had very few clinical 
implants. 

17.2.2. Cardioclasp 

In keeping with the shape change and altering the 
stresses on the myocardium, Dr David Melvin, 
from Cincinnati, developed another device that 
looked and behaved like a vice around the ven- 
tricle. This device was named Cardioclasp. While 
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Figure 17.3. The concept behind the Myocor myosplint 
which alter the short axis of the left ventricle into two 
bilobed spheres, thereby reducing wall stress. 

this concept was interesting, the animal studies 
showed only mild promise and this concept did not 
progress to clinical evaluation. 

17.2.3. Dynamic Ventricular Restraint 
(DVR, by CorSet) 

The concept of dynamic ventricular restraint was 
developed by Drs Makkar, Litvak and Eigler at 
the Cedars Sinai Medical Center, Los Angeles. 
The concept was tested in animals in Melbourne, 
Australia, by Raman and colleagues with a pro- 
totype restraint device that had inflatable balloon 
panels along its length, linked to a portacath-type 
device. The plan was to gradually infuse saline into 
the portacath so as to slowly increase the constraint 
over time. Unfortunately, the tubing connecting to 
the balloons often leaked and there was no indica- 
tion that the balloons actually inflated enough to 
cause significant reduction in ventricular size. This 
device did not proceed beyond initial proof of con- 
cept studies in animals. This is quite relevant to the 
development of other devices by various start-up 
groups that have touted the benefits of inflatable 
balloon panels within the pericardium. 

17.2.4. Paracor 

The concept of dynamic ventricular restraint 
has been talked about and developed initially by 



Figure 17.4. The Paracor device, which is a nitinol mesh 
coated with polyurethane and this is slipped over the 
heart, preventing progressive dilatation. 

another start-up company called Paracor. This 
device utilizes a meshwork of nitinol coated with 
silicone that can be laid around the ventricles to 
ensure dynamic restraint of the dilating ventricles. 

Figure 17.4 shows the nitinol mesh-based Paracor 
device implanted around a dilating heart. 

There is very little published data about the 
efficacy of this approach in experimental animals. 
The first human implant was performed at the Ohio 
State University on May 19, 2005. Details about 
this implant are sketchy with a paucity of data in 
the literature. We await results of this implant expe- 
rience with interest since nitinol is an alloy that is 
not immune to fatigue -related stresses. 

17.3. Infarct Restraint and/or 
Constraint 

Localized constraint or restraint of dyskinetic 
or akinetic areas of the ventricles has been stud- 
ied extensively by Edmunds' laboratory at the 
University of Pennsylvania. They showed that some 
kind of nonabsorbable material that is applied and 
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secured to the epicardial surface of the ventricle in 
an area of akinetic or dyskinetic scar helps reduce 
infarct expansion. 9 

Our own adoption of this principle has been in 
the use of Teflon strips in reinforcing the scar over a 
reconstructed ventri.cle in the setting of a modified 
Dor procedure or a LV reconstructive procedure. 


17.4. New Devices in the 
Minimally Invasive Treatment 
of Mitral Regurgitation 

17.4.1. Percutaneous Mitral Valve 
Approaches 

These include a range of devices that straighten or 
tension up the coronary sinus. These devices are made 
by many companies such as CDI and Mitralign. 

17.4.1.1. Viacor: 

Viacor is a start-up company founded by Drs 
William Cohn and Marc Gillinov, and uses the 
principle of straightening the coronary sinus to 
improve mitral valve patency. In experimental ani- 
mals, especially sheep and pigs, the coronary sinus 
is large and is more closely applied to the posterior 
mitral annulus than in humans. In human patients, 
the coronary sinus is variable in size and in its 
relationship to the mitral annulus. Hence, the sinus 
may subtend varying amounts of the muscular por- 
tion of the mitral valve annulus. So, a tensioning 
system or rod in this location has an unpredictable 
amount of correction of the mitral valve. 

Figures 17.5 and 17.6 show a schematic diagram 
of a coronary sinus-tensioning device. Figure 17.5 
shows the sheath in the coronary sinus. The next 
figure shows the tensioning rod within the coro- 
nary sinus sheath. 

This approach is flawed for a few reasons: 

- The variable relationship and size of the coro- 
nary sinus to the muscular portion of the mitral 
valve annulus. 

- Purely annular tightening is not effective in func- 
tional or ischemic mitral regurgitation (MR), 
because the annulus is often normal in size and 
the mechanism of MR is multifactorial with 
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Figures 17.5-17.6. The sheath in the coronary sinus. 
Tensioning rod within the coronary sinus sheath. The 
Viacor device as it tensions up the coronary sinus, in an 
attempt to correct MR. 


displacement of papillary muscles, remodeling 
of the inferobasal region of the left ventricle, 
dilated ventricles, change in the plane of coapta- 
tion of the mitral leaflets to the ventricle, etc. 
- The variable relationship of the circumflex coro- 
nary artery to the coronary sinus, whereby in a 
significant number of patients, tensioning the 
sinus can kink the underlying artery. 
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17.4.1.2. Carillon (CDI) Device 

Figure 17.7 is a schematic diagram of the Cardiac 
Dimension device. Cardiac Dimensions, Inc., was 
set up by Clif Alferness, one of the original 
founders of Acorn Cardiovascular Inc, and the 
preliminary experimental work was performed 
by my colleague John Power, at his laboratory in 
Melbourne, Australia. Limitations of this device 
are the difficulty in anchoring it to the coronary 
sinus and the other inherent problems with this 
approach. 

Lack of uniformity in the size of the coronary sinus 
and variability in its relationship to the muscular 
portion of the mitral annulus. 

The presumption that functional and ischemic MR 
can be fixed by addressing the annulus, which 
is often normal in size. Moving the septal and 
lateral components of the annulus closer to 
each other can be difficult to achieve with this 
approach. 

Finally, the sheep experiments looking at MR 
can be erroneous because of poor echocar- 
diographic windows in assessing the degree of 
MR accurately. 



Figure 17.7. Schematic diagram of the Cardiac Dimensions 
device. This diagram shows deployment of the Carillon 
device, which is deployed in the coronary sinus, and 
inserted through the jugular vein. 



Figure 17.8. Edge-to-edge or Alfieri repair: photograph 
of a clip approximating anterior and posterior mitral 
leaflets. 


Ottavio Alfieri, an innovative surgeon from 
Milan, suggested the concept of the edge-to-edge 
mitral valve repair in severely degenerative and 
myxomatous valves. He utilized the concept of 
double-orifice mitral valves seen in congenital 
abnormalities and used sutures to approximate the 
corresponding portions of anterior and posterior 
leaflets. 10 However, this is most effective in the 
presence of an annuloplasty ring. The long-term 
results of this approach were not very satisfactory in 
the surgical population. This did not stop the devel- 
opment of this approach by the endovascular route 
by companies such as E-valve and Edwards. The 
maximum stress and strain is on the leaflets where 
they are approximated and this dooms this approach 
to early failure. Amazingly, despite evidence to 
the contrary, this device was tested in human 
patients, partly because it was a minimally invasive 
procedure and has had poor results. Figure 17.8 
shows approximation of the anterior and posterior 
leaflets with a clip in a pig heart. 

17.4.1.3. Coapsys 

Myocor then developed a device called Coapsys 
which is specifically designed to address the sub- 
annular component in ischemic MR. This device 
is deployed using the technology developed by 
Myocor in skewering the heart and passing a 
Goretex chord/chords through the ventricle below 
the level of the mitral annulus with pads on either 
side. This is at present undergoing a multicenter 
US trial. Preliminary data from the Escorts Heart 
Institute in India suggest that this approach of 
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Figure 17.10. The deployment of the Coapsys device in 
longitudinal section of the left ventricle. 

skewering the left ventricle below the annulus 
of the mitral annulus may be effective in some 
patients with ischemic MR. 1 1 


Figures 17.9and 17.10showthe Myocor Coapsys 
device and its method of deployment. 

17.4.1.4. BACE 

Basal annuloplasty of the cardia externally (BACE) 
is a simple concept of externally constraining the 
base of the ventricles where the mitral and tricus- 
pid valves are subtended. 

It is estimated that there are over 2 million peo- 
ple in the USA alone having moderate to severe 
MR, but only about 100,000 patients undergo valve 
surgery. Mitral valve reconstructive surgery is now 
an accepted therapeutic option in heart failure 
patients with severe MR. 12 However, it is contro- 
versial when it comes to moderate MR. In patients 
with ischemic heart disease and ischemic CMR 
evidence is emerging that moderate degrees of MR 
progress with time and portend an adverse progno- 
sis. 13 Traditionally, mitral valve procedures require 
access to the mitral valve through an intracavitary 
approach, which is associated with morbidity and 
mortality. Mitral valve repair or replacement in the 
setting of ischemic heart disease carries a mortal- 
ity risk of between 2% and 6%. 14 A mitral valve 
procedure along with coronary artery bypass graft 
(CABG) surgery carries a higher risk of mortal- 
ity and a definite risk of stroke. 15 This risk profile 
has made surgeons reluctant to advocate mitral 
valve repair or replacement unless the degree 
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of regurgitation is severe. As can be expected, 
cardiologists are reluctant to refer patients for 
consideration of a mitral valve reconstructive pro- 
cedure unless there is evidence of severe mitral 
insufficiency. 

Patients with ischemic heart disease and greater 
than moderate MR are therefore at a survival disad- 
vantage. We report our experience here with a new 
procedure of repairing and stabilizing the mitral 
and tricuspid valves without physically entering 
the heart. 

Study Population. All patients were enrolled at 
the University of Melbourne Campus Hospitals, 
Melbourne, Australia. 

Three groups of patients undergoing com- 
plex cardiac surgery between January 2000 and 
December 2001 were studied. 

A group of 12 patients was enrolled between 
May 2000 and June 2001 for BACE. These patients 
had symptomatic triple vessel coronary artery dis- 
ease and heart failure. They were diagnosed with 
coronary angiography, radionuclide ventriculogra- 
phy, and were assessed and rated by a cardiologist 
on the basis of NYHA functional class. The degree 
of MR was assessed by transthoracic echocardiog- 
raphy before they were referred for surgery. 

Patients who had severe MR were excluded from 
all three groups. 

Informed consent was obtained from all patients 
for the procedure upon clear explanation of the 
procedure and the risks involved. 

The decision to perform BACE was based on 
preoperative transesophageal echocardiographic 
(TEE) assessment of MR. Patients in all three 
groups underwent coronary artery surgery and LV 
reconstruction, if indicated. In addition, patients in 
Group 1 underwent external cardiac basal annulo- 
plasty, and patients in Group 2 underwent intrac- 
avitary mitral repair. 

Surgical Technique: 

All procedures were performed through a midline 
sternotomy incision. The cardiac surgical proce- 
dures were performed with the aid of cardiopul- 
monary bypass (CPB) on a heart arrested by blood 
cardioplegia. 

For patients who were selected for the BACE 
procedure, soon after the pericardium was 
opened, the base of the heart was sized and the 


circumference of the base of the heart was meas- 
ured. This was done with the heart beating with 
resting filling pressures, prior to being connected 
to CPB. The measurement was repeated twice to 
ensure accuracy. The BACE device was then con- 
structed with a strip of compliant polyester mesh, 
measuring 4-5 cm in width. The typical length was 
about 30 cm. 

Once the cross-clamp was applied and car- 
dioplegia infused, the heart was lifted up. The 
BACE device was applied along the atrioven- 
tricular groove only along the posterior aspect of 
the heart. It was then anchored on the atrial and 
ventricular sides of the atrioventricular groove 
with 4/0 prolene sutures. The CABGs were then 
constructed. LV reconstruction was then performed 
if there were any large confluent ventricular scars 
that were hemodynamic ally significant. The cross- 
clamp was removed, and the heart was allowed to 
return to a regular rhythm. Once reasonable ven- 
tricular contraction was evident on transesophageal 
echocardiography, attempts were made to wean the 
patient off CPB. 

At this stage, MR was dynamically assessed 
using TEE. The BACE device was tightened/pulled 
across just enough to eliminate MR. At this state 
of tension, the BACE device was then anchored 
anteriorly and laterally along the atrioventricular 
groove. The sizing and implantation of the basal 
annuloplasty device took an average of 20min. 

Figure 17.11 is an operative photograph of the 
BACE procedure. Figure 17.12 is a schematic dia- 
gram of the BACE procedure with support of the 
annulus and subannular ventricular myocardium. 

Patients in Group 2 underwent CABG on pump 
utilizing a similar technique of CPB and cardiople- 
gic preservation of myocardium. Mitral valve repair 
was performed with the mitral valve approached 
through the biatrial transseptal route. The mitral 
valve was assessed and repaired based on the kind 
of pathology. A flexible mitral annuloplasty ring 
was used in all cases. 

Patients in Group 3 underwent CABG and/or 
LV reconstruction. CABG surgery was performed 
in the standard fashion under cross-clamp and 
cardioplegia. LV reconstruction was performed 
in accordance with the principles of geometric 
endoventricular repair, as described. 16 The aim was 
to recreate the conical shape of the left ventricle 
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BACE Procedure 



1 


Figure 17.11. Basal annuloplasty of the cardia exter- 
nally (BACE) procedure. 



Figure 17.12. Schematic diagram of the basal annulo- 
plasty of the cardia externally(BACE) procedure. 


with a small patch of bovine pericardium. These 
patients were operated on an urgent basis. All of 
them had mild to moderate MR that was left alone 
in the setting of an urgent operation. Eight of these 
patients had insertion of intra-aortic balloon pumps 
perioperatively. 


Choice of inotropic support was based on recov- 
ery of ventricular function. No intra-aortic bal- 
loon pumps were used in the first two groups of 
patients. 

Patients in all three groups were followed up 
after discharge clinically and echocardiographi- 
cally every year by a cardiologist. 

Results: 

There were no perioperative deaths in any group 
of patients. 

Mean number of grafts (CABG) were 3.5 in 
Group 1 and 3.7 in Group 3. LV reconstruction was 
performed in 10 of 12 patients in Group 1 and 11 
of 12 in Group 3. 

Group 2 patients underwent only mitral valve 
repair. Postoperative stay in the intensive care unit 
and hospital was similar in all three groups. 

There were no intraoperative procedure-related 
complications in Group 1. There were no sig- 
nificant problems related to the implantation 
procedure with BACE. All patients in Group 1 
were weaned off CPB once they reached trivial 
to mild MR. 

At the follow-up of patients in Group 1, the 
degree of MR remained stable at trivial to mild (1+ 
or less, on a grading of 1-4). NYHA functional 
status improved steadily over the first postopera- 
tive year and remained steady at class I. Over the 
4 years of clinical follow up, there have been two 
deaths at the later part of the follow-up period in 
this group, one from malignancy and one from 
emphysema. Figure 17.13 shows the improvement 
of MR that persists at 18 months. 

At the follow-up of patients in Group 2, the 
degree of MR remained at trivial to mild (1+ or 
less, on a grading of 1^4). 

Figure 17.14 shows that there is an improve- 
ment in ejection fraction over time. Patients in 
Group 3 were also followed up over a similar 
time frame. Functional status improved simi- 
larly in this group. However, the degree of MR 
gradually progressed to a moderate degree of 
2.7 (moderate to moderately severe). There were 
three late deaths in this group, one from sudden 
death, one from malignancy, and one from pneu- 
monia. Figure 17.15 compares the degree of MR 
in patients who underwent the BACE procedure 
with traditional mitral valve repair and those 
who had LV reconstruction. 
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Figure 17.13. Basal annuloplasty of the cardia exter- 
nally (BACE): improvement in NYHA functional status 
(n = 12 patient). 


BACE: Improvement in Left Ventricular Ejection (n -12 Patients) 
[RNVG: Radionuclide Ventriculography] 
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Figure 17.14. Basal annuloplasty of the cardia exter- 
nally (BACE): improvement in left ventricular ejection 
(n = 12 patients). RNVG radionuclide ventriculography. 

17.5. Discussion 

Regarding the course of action, there is no consen- 
sus as far as moderate degree of MR is concerned. 
Assessment of MR is subjective and can vary 
depending on a variety of factors ranging from the 
angle of the transducer 17 to loading conditions and 
nature of underlying cardiac rhythm 18 to the level 
of compensation of heart failure. However, the pio- 
neering efforts of echocardiologists like Maurice 
Enrique-Sarano who have been tireless proponents 
of objective assessment of MR based on effective 
regurgitant orifice (ERO) and regurgitant volume 
are changing the appreciation of MR. 19 This helps 
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Figure 17.15. Effect of basal annuloplasty of the cardia 
externally (BACE) versus mitral valve repair (MVR) 
and left ventricular reconstruction (LVR) on reduction in 
mitral regurgitation 1 8 months postoperatively. 


in developing a uniform approach to patients 
with MR. There is now emerging evidence that 
if severe, even asymptomatic MR is still associ- 
ated with a bad prognosis. 20 Moderate degrees of 
MR were often considered fair game for medical 
therapy. However, there are enough data to show 
that moderate MR progresses especially in patients 
with ischemic heart disease and is associated with 
adverse outcomes. 21 The only definitive methods 
of dealing with MR are intracavitary operative 
procedures that either repair the annulus of the 
mitral valve or replace the mitral valve with a pros- 
thetic valve. Since both are major cardiac surgical 
procedures performed with the aid of CPB and 
cardioplegic arrest, there are significant associated 
complications and risks. Traditionally, combined 
coronary artery bypass and mitral valve surgery 
have been associated with a significant morbidity 
and mortality. 22 As a result, cardiologists have been 
reluctant to refer patients for these procedures, and 
surgeons, on the other hand, have viewed these 
combined operations with trepidation. 

17.6. Conclusions 

This report shows that external stabilization of the 
cardiac base with BACE can effectively work like 
an annuloplasty of the mitral valve while provid- 
ing support to the ventricular myocardium below 
the annulus of the valve. In addition, the tricuspid 
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valve is also supported. Since the procedure was 
performed in a high-risk population with no major 
perioperative complications, it appears to be a 
worthwhile approach to undertake. 
The advantages are the following: 

- the application is external; therefore the compli- 
cations associated with intracavitary approach 
such as endocarditis, coagulopathies, and so on 
can potentially be avoided 

- opportunity for the dynamic assessment of the 
valves while tightening the BACE device 

- support of the ventricular myocardium below the 
annulus 

- possibility of implanting the device off-pump or 
on a beating heart 

17.7. Keypoints to Remember 
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Containment of ventricles is an important and 
interesting way of limiting progressive dilatation 
of the heart. However, this technique is best devel- 
oped with a nonreactive material and has potential 
in slowly reducing the size of the heart. 

Shape change by other means such as those 
proposed by Myocor and Cardioclasp while 
reducing wall stress in theory have not trans- 
lated into clinical trials. 

Percutaneous approaches to the mitral are inter- 
esting and we await their results in human trials. 
MR due to ventricular dilatation is multifactorial 
and needs careful planning before executing some 
kind of surgical reparative procedure. 

Annular support along with some kind of 
means of favorable deformation of the adjacent 
myocardium externally may be an exciting way 
forward in performing mitral valve repair with- 
out entering the heart. 

The future of shape change of the ventricles 
will probably incorporate some kind of cellular 
therapy. 
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Other Techniques in Special Circumstances: 
Pulmonary Thromboendarterectomy 
in Right Heart Failure 

Michael M. Madani and Stuart W. Jamieson 


18.1. Introduction 

Pulmonary thromboendarterectomy (PTE) is the 
definitive treatment for chronic pulmonary hyper- 
tension as the result of thromboembolic disease 
and is now widely recognized as the treatment of 
choice for patients suffering from right heart failure 
as the result of chronic thromboembolic pulmonary 
hypertension (CTEPH). Although the procedure 
is curative and in experienced hands carries a low 
morbidity and mortality, it is rarely performed. 
The main problem is the fact that CTEPH remains 
significantly under-recognized. It is not uncommon 
for the patients suffering from this disease to be 
misdiagnosed and mistreated for a variety of other 
conditions. Furthermore, of those who are truly 
diagnosed, the majority will be at late stages of the 
disease. However, once correctly diagnosed and 
referred, PTE can be highly effective and promises 
to provide a lifetime cure for such patients. 

Unlike other forms of heart failure, patients with 
CTEPH often have full recovery of their right heart 
function and size, as long as the pulmonary hyper- 
tension has resolved. This is an interesting and 
unexplained phenomenon that is a unique feature 
of the right heart failure associated with CTEPH. 
In most other causes of heart failure, especially left 
ventricular failure, even when the obstruction has 
been removed, the ventricle does not fully recover 
and certainly does not normalize in size. In con- 
trast, in the setting of CTEPH, the right ventricle 
does so. The improvement in right heart failure and 
its associated tricuspid regurgitation is proportional 
to the degree of resolution achieved in the patient's 


pulmonary hypertension. Therefore one can expect 
full recovery of the right heart and normal tricus- 
pid function in patients who have had successful 
outcomes with normal postoperative pulmonary 
pressures. 

Pulmonary hypertension and subsequent right 
heart failure secondary to chronic thromboembolic 
disease is a relatively uncommon condition occurring 
in 1-5% of adult patients who survive an acute 
pulmonary embolic event. 12 More recent studies, 
however, suggest a higher incidence in patients 
with an acute episode of pulmonary embolism; 
3.1% at 1 year and 3.8% at 2 years. 23 It is extremely 
hard to accurately determine the true incidence of 
CTEPH for obvious reasons, but one can come up 
with educated estimates of this disease. The esti- 
mated incidence of acute pulmonary embolism is 
-630,000 per year in the United States, based on 
clinical data, 4,5 and is related to -235,000 deaths 
per year, based on autopsy data. 6 Calculations 
extrapolated from mortality rates and the random 
incidence of major thrombotic occlusion of pul- 
monary vessels at autopsy support an estimate that 
more than 100,000 people in the United States 
currently suffer from pulmonary hypertension that 
could be relieved by operation. 7 

Once chronic pulmonary hypertension develops, 
the prognosis is poor, and this prognosis is even 
worse in patients without an intracardiac shunt. 
As a rule, patients with pulmonary hypertension 
caused by pulmonary emboli fall into a higher risk 
category than those with Eisenmenger's syndrome 
and encounter a higher mortality rate. In fact, survival 
of patients with CTEPH is inversely related to the 
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magnitude of pulmonary artery systolic pressure 
and pulmonary vascular resistance. 8 When the 
mean pulmonary artery pressure in patients with 
thromboembolic disease exceeds 50mmHg, the 
5-year mortality approaches 90%. 9 

Regardless of the exact incidence or the cir- 
cumstances, it is clear that acute embolism and its 
chronic relation, fixed chronic thromboembolic 
occlusive disease, are both much more common 
than generally appreciated and are seriously under- 
diagnosed. Houk and colleagues 10 in 1963 reviewed 
the literature of 240 reported cases of chronic 
thromboembolic obstruction of major pulmonary 
arteries but found that only 6 cases had been 
diagnosed correctly before death. Calculations 
extrapolated from mortality rates and the random 
incidence of major thrombotic occlusion found at 
autopsy would support a postulate that more than 
100,000 people in the United States currently have 
pulmonary hypertension that could be relieved by 
operation. Therefore, despite an improved under- 
standing of pathogenesis, diagnosis, and man- 
agement, pulmonary emboli and the long-term 
sequelae of thromboembolic pulmonary hyperten- 
sion remain frequent and often fatal disorders. 

18.2. Clinical Presentation 

There are no signs or symptoms specific for 
chronic thromboembolism. The most common 
symptom associated with thromboembolic pul- 
monary hypertension, as with all other causes of 
pulmonary hypertension and right heart failure, 
is exertional dyspnea. This dyspnea is out of 
proportion to any abnormalities found on clinical 
examination. Like complaints of easy fatigability, 
dyspnea that initially occurs only with exertion is 
often attributed to anxiety or being "out of shape." 
Syncope, or presyncope (light-headedness during 
exertion), is another common symptom in pulmonary 
hypertension. Generally, it occurs in patients with 
more advanced disease and higher pulmonary 
arterial pressures. 

Nonspecific chest pains or tightness occur in 
50% of patients with more severe pulmonary 
hypertension. Hemoptysis can occur in all forms of 
pulmonary hypertension and probably results from 
abnormally dilated vessels distended by increased 
intravascular pressures. Peripheral edema, early satiety, 


and epigastric or right upper quadrant fullness or 
discomfort will develop as the right heart failure 
progresses. Some patients with chronic pulmo- 
nary thromboembolic disease present after a small 
acute pulmonary embolus that may produce acute 
symptoms of right heart failure. A careful history 
brings out symptoms of dyspnea on minimal exer- 
tion, easy fatigability, diminishing activities, and 
episodes of angina-like pain or light-headedness. 
Further examination reveals the signs of pulmonary 
hypertension and right heart failure. 

The physical signs of pulmonary hyperten- 
sion are the same no matter what the underlying 
pathophysiology. Initially the jugular venous pulse 
is characterized by a large A-wave. As the right 
heart fails, the V-wave becomes predominant. 
The right ventricle is usually palpable near the 
lower left sternal border, and pulmonary valve 
closure may be audible in the second intercostal 
space. Occasional patients with advanced disease 
are hypoxic and slightly cyanotic. Clubbing is an 
uncommon finding. 

The second heart sound is often narrowly split 
and varies normally with respiration; P2 is accentu- 
ated. A sharp systolic ejection click may be heard 
over the pulmonary artery. As the right heart fails, 
a right atrial gallop usually is present, and tricuspid 
insufficiency develops. Because of the large pressure 
gradient across the tricuspid valve in pulmonary 
hypertension, the murmur is high pitched and may 
not exhibit respiratory variation. These findings 
are quite different from those usually observed in 
tricuspid valvular disease. A murmur of pulmonic 
regurgitation may also be detected. 

18.3. Diagnosis 

To ensure diagnosis in patients with right heart failure 
secondary to chronic pulmonary thromboembo- 
lism, a standardized evaluation is recommended 
for all patients who present with unexplained 
pulmonary hypertension. This workup includes a 
chest radiograph, which may show either apparent 
vessel cutoffs of the lobar or segmental pulmo- 
nary arteries or regions of oligemia suggesting 
vascular occlusion. Central pulmonary arteries are 
generally enlarged, and the right ventricle may 
also be enlarged without any enlargement of the 
left atrium or ventricle. However, one should keep 
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in mind that despite these classic findings, a large 
number of patients might present with a relatively 
normal chest radiograph, even in the setting of 
high degrees of pulmonary hypertension or right 
heart failure. The electrocardiogram demonstrates 
findings of right ventricular hypertrophy (right axis 
deviation, dominant R-wave in VI). Pulmonary 
function tests are necessary to exclude obstructive 
or restrictive intrinsic pulmonary parenchymal 
disease as the cause of the hypertension. 

The most useful screening studies are two-dimen- 
sional surface echocardiography with Doppler 
imaging and ventilation-perfusion (V/Q) scanning. 
The standard echo helps to define the presence and 
severity of right heart failure, tricuspid regurgita- 
tion, and severity of pulmonary hypertension. In 
addition it is also helpful to rule out certain other 
causes, such as Eisenmenger's syndrome. The 
echocardiogram rapidly demonstrates right-sided 
chamber enlargement and right ventricular hyper- 
trophy (Figure 18.1). The main pulmonary artery is 
usually enlarged; the intraventricular septum may 
appear flattened and often exhibits paradoxical 
motion, with encroachment of the right ventricular 


septum in the left ventricle. Varying degrees 
of tricuspid regurgitation are usually present. 
Continuous wave Doppler scanning of the tricuspid 
regurgitation jet is helpful in the estimation of the 
pulmonary artery systolic pressure. In addition, 
because exercise characteristically increases the 
pulmonary hypertension, echocardiography with 
exercise should always be applied whenever the 
disease is suspected but when the resting echocar- 
diogram demonstrates only subtle abnormalities. 

The ventilation-perfusion lung scan is the funda- 
mental test for establishing the diagnosis of unre- 
solved pulmonary thromboembolism. An entirely 
normal lung scan excludes the diagnosis of both 
acute and chronic, unresolved thromboembolism. 
The usual lung scan pattern in most patients with 
primary pulmonary hypertension either is relatively 
normal or shows a diffuse nonuniform perfusion. 
When subsegmental or larger perfusion defects are 
noted on the scan, even when matched with ventila- 
tory defects, pulmonary angiography is appropriate 
to confirm or rule out thromboembolic disease. 

Currently, pulmonary angiography still remains 
the gold standard for diagnosis of CTEPH; however, 



systole 


Figure 18.1. Echocardiographic appearances of the heart before (pre-pulmonary thromboendarterectomy, PTE; top) 
and after (post-PTE; bottom) operation. Note the shift of the intraventricular septum toward the left in systole before 
the operation (top left), together with the relatively small left atrial and left ventricular chambers. After the operation, 
the septum is restored to its normal geometry, and the massive enlargement of the right atrium and the right ventricle 
has resolved. 
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with the advent of high resolution scans and mag- 
netic resonance imaging, more and more centers rely 
on the diagnostic power and the noninvasive nature 
of these tests to confirm the diagnosis. Organized 
thromboembolic lesions do not have the appearance 
of the intravascular filling defects seen with acute 
pulmonary emboli, and experience is essential for 
the proper interpretation of pulmonary angiograms 
in patients with unresolved, chronic embolic disease. 
Organized thrombi appear as unusual filling defects, 
webs, or bands, or completely thrombosed vessels 
that may resemble congenital absence of the vessel" 
(Figure 18.2). In addition to pulmonary angiography, 
patients over 45 undergo coronary arteriography and 
other cardiac investigation as necessary. If significant 
disease is found, additional cardiac surgery is 
performed at the time of PTE. 

In recent years higher resolution helical computed 
tomography (CT) scans of the chest have been used 
more frequently in diagnosis of pulmonary throm- 
boembolic disease. Presence of large clots in lobar 
or segmental vessels generally confirms the diag- 
nosis. CT features of CTEPH include evidence of 
organized thrombus lining the pulmonary vessels 
in an eccentric fashion, enlargement of the right 
ventricle and the central arteries, variation in size 


of segmental arteries, and parenchymal changes 
characteristic of pulmonary infarction. In addition, 
in rare situations where there are concerns of 
external compression, or occlusion of main pulmo- 
nary arteries are present, CT scans can be helpful in 
differentiating thromboembolic disease from other 
causes such as mediastinal fibrosis, lymph nodes, 
or tumors. In the current era of multidetector CT 
scans, the resolution of the pulmonary arteries is 
much better and it is very likely that this diagnostic 
modality will soon replace pulmonary angiography 
as the gold standard in diagnosing CTEPH and in 
planning the surgical treatment once the diagnosis 
is made. In addition, the volumetric assessment 
of the right ventricle can be more accurately per- 
formed with multidetector CT. 


18.4. Medical Treatment 

There is no curative role for medical management 
of these patients and at best it is palliative. There are 
a number of new pulmonary vasodilators that are 
now available for the treatment of the pulmonary 
hypertension and right heart failure in these patients, 
but considering the fact that the primary pathology 



Figure 18.2. Pulmonary angiogram in a patient with chronic thromboembolic pulmonary hypertension. Please note 
the extensive areas of hypoperfusion as a result of complete occlusion, as well as luminal irregularities, webs, bands, 
and pouches, shown by arrows. 
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is the physical obstruction of pulmonary vasculature, 
there is no surprise that their effects are only tran- 
sient at best. Right ventricular failure may show 
some improvement with combination of diuretics 
and vasodilators, but because the failure is due to a 
mechanical obstruction it will not resolve until the 
obstruction is removed. Similarly, the prognosis is 
unaffected by medical therapy, 12,13 which should be 
regarded as only supportive. Because of the bron- 
chial circulation, pulmonary embolization seldom 
results in tissue necrosis. Surgical endarterectomy 
therefore will allow distal pulmonary tissue to be 
used once more in gas exchange. 

Chronic anticoagulation represents the mainstay 
of the medical regimen. Anticoagulation is prima- 
rily used to prevent future embolic episodes, but it 
also serves to limit the development of thrombus in 
regions of low flow within the pulmonary vascu- 
lature. Inferior vena caval filters are used routinely 
to prevent recurrent embolization. 

18.5. Operative Procedure 

PTE is a technically demanding operation that is 
performed only in select centers around the world. 
Proper patient selection, meticulous surgical 
technique, and vigilant postoperative management 
have contributed to the success of this operation. 
A true endarterectomy (not an embolectomy) 
of all affected parts of the lung is essential to 
clear all affected areas of the pulmonary vascu- 
lature. It is clear that pulmonary endarterectomy 
relieves pulmonary hypertension by improv- 
ing lung ventilation-perfusion match, improving 
right ventricular function and tricuspid regurgita- 
tion, limiting retrograde extension of clot obstruc- 
tion, and preventing arteriopathic changes in the 
remaining patent small pulmonary vessels. 14,15 
Furthermore, with resolving pulmonary hyperten- 
sion, the right ventricle will regress to a normal 
size and improve its overall function. 

The description of a surgical procedure for 
removal of thromboembolic material dates back 
to 1908, when Trendelenburg 16 first illustrated 
an approach in a dying patient. However, it was 
not until the introduction and development of 
cardiopulmonary bypass when more procedures 
with better outcomes were performed. By the 
mid-1980s there were a total of 85 reported cases 


that were managed surgically but still carried a 
high mortality rate of about 22%. 17 Although there 
have been other reports of surgical treatment of 
CTEPH, most of the surgical experience in pul- 
monary endarterectomy has been reported from 
the University of California, San Diego (UCSD) 
Medical Center, 7,11 and it is this experience that 
forms the basis of this chapter. 

With our growing experience now accounting for 
over 2000 of these procedures, we know that there 
are certain principles of this procedure that have 
to be adhered to. Although an endarterectomy is 
possible even if one deviates from these principles, 
a successful and complete endarterectomy is not, 
and such outcomes are questionable. What follows 
is a description of the techniques of this procedure 
highlighting the fundamental points. 

18.6. Technical Principles 
of the Procedure 

There are several guiding principles for this opera- 
tion. First and foremost the approach must be 
bilateral, because, for pulmonary hypertension to 
be a major factor, both pulmonary arteries must be 
substantially involved. Furthermore, it is extremely 
unlikely to have unilateral disease as the result of 
thromboembolism. In fact we believe that a small 
subgroup of our patients who truly do have uni- 
lateral disease perhaps suffer from an underlying 
pulmonary vascular pathology with subsequent 
thrombosis rather than true thromboembolism. 
The only reasonable approach to both pulmonary 
arteries is through a median sternotomy incision. 
Historically, there have been many reports of 
unilateral operation, and occasionally this is still 
performed with various results in inexperienced 
centers, through a thoracotomy. However, the 
unilateral approach ignores the disease on the con- 
tralateral side, subjects the patient to hemodynamic 
jeopardy during the clamping of the pulmonary 
artery, and does not allow good visibility because 
of the continued presence of bronchial blood flow. 
In addition, collateral channels develop in chronic 
thrombotic hypertension not only through the 
bronchial arteries but also from diaphragmatic, 
intercostal, and pleural vessels. The dissection of 
the lung in the pleural space via a thoracotomy inci- 
sion can therefore be extremely bloody. The median 
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sternotomy incision, apart from providing bilateral 
access, avoids entry into the pleural cavities, and 
allows the ready institution of cardiopulmonary 
bypass. 

Cardiopulmonary bypass is an essential part of 
this operation and integral to ensure cardiovascular 
stability during the procedure. In addition cardi- 
opulmonary bypass allows cooling the patient in 
preparation of circulatory arrest. Given the extent 
and the location of thromboembolic material, 
which has now transformed into a scar-like fibrotic 
tissue adherent to the pulmonary vasculature, supe- 
rior visibility is required. This is achievable only 
in a bloodless field, so the surgeon can define 
an adequate endarterectomy plane and then can 
follow the pulmonary endarterectomy specimen 
deep into the subsegmental vessels. Because of 
the copious bronchial blood flow usually present 
in these patients, periods of circulatory arrest are 
necessary to ensure perfect visibility. Again, there 
continue to be sporadic reports of performing this 
operation without circulatory arrest with various 
outcomes. However, it should be emphasized that 
although endarterectomy is clearly possible with- 
out circulatory arrest, a complete endarterectomy 
is not. Surgeons claiming success with a complete 
endarterectomy without circulatory arrest are likely 
to leave behind distal disease in the subsegmental 
branches without ever recognizing it. We always 
initiate the procedure without circulatory arrest, 
and depending on the collateral flow through the 
bronchial arteries and other channels, a variable 
amount of dissection is possible before the circu- 
lation has to be stopped, but never a complete dis- 
section. The circulatory arrest periods are typically 
limited to 20min, with restoration of flow between 
each arrest. With experience, a complete endarter- 
ectomy usually can be performed within a single 
period of circulatory arrest on each side. 

The next principle of this operation relies mainly 
on the experience of the operator in recognizing 
the true endarterectomy plane of the media, and 
following the specimen to its feathered tail end in 
each branch. It is essential to appreciate that the 
removal of visible thrombus is largely incidental 
to this operation. Indeed, in most patients, no free 
thrombus is present, and on initial direct examina- 
tion, the pulmonary vascular bed may appear nor- 
mal. The early literature on this procedure indicates 
that thrombectomy was often performed without 


endarterectomy, and in these cases the pulmonary 
artery pressures did not improve, often with the 
resultant death of the patient. 

18.7. Surgical Technique 

The surgical approach for this procedure is through 
a median sternotomy to gain access to both sides. 
Typically the right heart is severely enlarged, with 
a tense right atrium and a variable degree of tri- 
cuspid regurgitation. There is usually significant 
right ventricular hypertrophy and associated right 
heart failure, and with critical degrees of obstruc- 
tion, the patient's condition may become unstable 
with the manipulation of the heart. Care must 
be taken to avoid any unnecessary manipulation 
of the heart while the patient is safely placed on 
cardiopulmonary bypass. 

Anticoagulation is achieved with the use of 
heparin sodium (400 units/kg, intravenously) 
administered to prolong the activated clotting time 
beyond 400 s. Full cardiopulmonary bypass is 
instituted with high ascending aortic cannulation 
and two caval cannulae. The heart is emptied on 
bypass, and a temporary pulmonary artery vent is 
placed in the midline of the main pulmonary artery 
about 1 cm distal to the pulmonary valve. The 
insertion site can then be used for the beginning 
of the left pulmonary arteriotomy. The patient is 
then actively cooled to a core temperature of about 
18-20 °C. 

Initially, it is most convenient for the primary 
surgeon to stand on the patient's left side, and 
perform the endarterectomy on the right side. The 
superior vena cava (SVC) is also fully mobilized. 
The approach to the right pulmonary artery is 
made medial, not lateral, to the SVC. Once the 
SVC is fully mobilized, and the core temperature 
has reached 20 °C, an aortic cross-clamp is applied 
and myocardial protection is provided through a 
single dose of antegrade cold blood cardioplegia 
(1L). The entire procedure is now performed with 
a single aortic cross-clamp period with no further 
administration of cardioplegic solution. Additional 
myocardial protection is provided by using a cool- 
ing jacket surrounding the heart throughout the 
remainder of the procedure. Both tourniquets are 
now secured around the superior and inferior vena 
cavae to ensure complete drainage and to avoid any 
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air entry in the venous cannulae during circulatory 
arrest. 

A modified cerebellar retractor is then used to 
expose the pulmonary artery between the aorta and 
the SVC. An incision is made in the right pulmo- 
nary artery from beneath the ascending aorta out 
under the SVC and entering the lower lobe branch 
of the pulmonary artery just after the take-off of 
the middle lobe artery (Figure 18.3). It is important 
that the incision stays in the center of the vessel and 
continues in the middle of the descending pulmo- 
nary artery into the lower, rather than the middle, 
lobe artery. The incision is carried past the take-off 
of the middle lobe artery. 

Any loose thrombus, if present, is now removed. 
This is necessary to obtain good visualization. It 
is most important to recognize, however, that first, 
an embolectomy without subsequent endarterec- 
tomy is quite ineffective and, second, that in most 
patients with chronic thromboembolic hyperten- 
sion, direct examination of the pulmonary vascu- 
lar bed at operation generally shows no obvious 
embolic material. Therefore, to the inexperienced 
or cursory glance, the pulmonary vascular bed may 
well appear normal even in patients with severe 
chronic embolic pulmonary hypertension. 

If the bronchial circulation is not excessive, 
the endarterectomy plane can be found during 



Figure 18.3. Exposure of the right pulmonary artery, 
as viewed by the surgeon standing on the left side. The 
incision is placed between the superior vena cava (SVC) 
and the aorta, as shown in the inset. It is imperative that 
the incision toward the right lower lobe artery is made 
in the middle of the vessel. During the dissection the 
edges of this incision are left intact for easier and more 
hemostatic closure. 


this early dissection. However, although a small 
amount of dissection can be performed before the 
initiation of circulatory arrest, it is unwise to pro- 
ceed unless perfect visibility is obtained because 
the development of a correct plane is essential. 

The correct plane appears pearly white which is 
smooth and silky in appearance and lies between 
the intima and media. A microtome knife is used 
to develop the endarterectomy plane posteriorly, 
because any inadvertent egress in this site could be 
repaired readily, or simply left alone. Dissection in 
the correct plane is critical because if the plane is 
too deep the pulmonary artery may perforate, with 
fatal results, and if the dissection plane is not deep 
enough, inadequate amounts of the chronically 
thromboembolic material will be removed. When 
the proper plane is entered, the layer will strip eas- 
ily, and the material left with the outer layers of the 
pulmonary artery will appear somewhat yellow, but 
there should be no residual yellow plaque. 

If the dissection is too deep, a reddish or pinkish 
color indicates the adventitia has been reached. As 
a general rule while developing the plane of dis- 
section a nonsmooth light purplish or pinkish color 
is an indication that the plane of dissection is too 
deep and care must be taken to immediately get 
back into the more superficial correct plane before 
the vessel wall is injured. Once the correct plane is 
recognized the dissection is carried into each one 
of the lobar, segmental, and subsegmental branches 
until a feathered tail is obtained. 

There are four broad types of pulmonary occlu- 
sive disease related to thrombus that can be appre- 
ciated, and we use the following classification": 
type I disease (-20% of cases of thromboembolic 
pulmonary hypertension; Figure 18.4) refers to 
the situation in which major vessel clot is present 
and readily visible on the opening of the pulmonary 
arteries. In type II disease (-60% of cases; 
Figure 18.5), no major vessel thrombus can be 
appreciated. In these cases only thickened intima 
can be seen, occasionally with webs, and the 
endarterectomy plane is raised in the main, lobar, or 
segmental vessels. Type EI disease (-20% of cases; 
Figure 18.6) presents the most challenging surgical 
situation. The disease is very distal and confined 
to the segmental and subsegmental branches. 
Type III disease is most often associated with 
presumed repetitive thrombi from indwelling cath- 
eters (such as pacemaker wires) or ventriculoatrial 
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Figure 18.4. Surgical specimen removed from right and 
left pulmonary arteries. Fresh thrombus in major arteries 
indicates type I disease. Note that removal of only the 
fresh material leaves a large amount of disease behind. 
The ruler measures 15 cm. 


A. 


Figure 18.5. Surgical specimen removed from right 
and left pulmonary arteries indicating evidence of type 
II disease. There are no fresh thromboembolic material 
in this specimen, but there is evidence of old clots in the 
lobar and segmental branches. Note the extent of dissec- 
tion down to the tail end of each one of the branches. The 
ruler measures 15 cm. 

shunts. Type IV disease does not represent primary 
thromboembolic pulmonary hypertension and 
is inoperable. In this entity there is intrinsic small- 
vessel disease, although secondary thrombus may 
occur as a result of stasis. Small-vessel disease may 


> 


Figure 18.6. Surgical specimen removed from right and 
left pulmonary arteries in a patient with type III disease. 
Note that in this patient the dissection plane has to be 
developed and raised at each segmental level. The ruler 
measures 15 cm. 


be unrelated to thromboembolic events ("primary" 
pulmonary hypertension) or occur in relation to 
thromboembolic hypertension as a result of a high- 
flow or high-pressure state in previously unaffected 
vessels similar to the generation of Eisenmenger's 
syndrome. We believe that there may also be sym- 
pathetic "cross-talk" from an affected contralateral 
side or stenotic areas in the same lung. 

With the modified cerebellar retractor in place and 
the artery well exposed, the dissection is then carried 
on. When blood obscures direct vision of the pulmo- 
nary vascular bed, circulatory arrest is then initiated, 
and the patient undergoes exsanguination. It is rare 
that one 20-min period for each side is exceeded. 

The endarterectomy is then performed with an 
eversion technique. Because the vessel is everted 
and subsegmental branches are being worked on, a 
perforation here will become completely inaccessible 
and invisible later. This is why the absolute visuali- 
zation in a completely bloodless field provided by 
circulatory arrest is essential. It is important that 
each subsegmental branch is followed and freed 
individually until it ends in a "tail," beyond which 
there is no further obstruction. Residual mate- 
rial should never be cut free; the entire specimen 
should "tail off and come free spontaneously. 
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Once the right-sided endarterectomy is completed, 
circulation is restarted, and the arteriotomy is 
repaired with a continuous 6-0 polypropylene 
suture. The hemostatic nature of this closure is 
aided by the nature of the initial dissection, with 
the full thickness of the pulmonary artery being 
preserved immediately adjacent to the incision. 

After the completion of the repair of the right 
arteriotomy, the surgeon moves to the patient's 
right side. 

The left-sided dissection is virtually analogous 
in all respects to that accomplished on the right. 
The duration of circulatory arrest intervals during 
the performance of the left-sided dissection is 
subject to the same restriction as the right. 

After the completion of the endarterectomy, 
cardiopulmonary bypass is reinstituted and warm- 
ing is commenced. The rewarming period gener- 
ally takes ~90-120min but varies according to the 
body mass of the patient. 

On the basis of the results of the preoperative 
echo and the intraoperative TEE, we would then 
decide if a right atrial exploration is necessary. 
In general, if either one of the two test is positive for 
a bubble test we would explore the right atrium. 
The right atrium is then opened through a small 
atriotomy located over the site of fossa ovalis. 
Any intra-atrial communication is then closed. 
Although tricuspid valve regurgitation is invariable 
in these patients and is often severe, tricuspid valve 
repair is not performed. Right ventricular remod- 
eling occurs within a few days, with the return of 
tricuspid competence. 

If other cardiac procedures are required, such as 
coronary artery or mitral or aortic valve surgery, 
these are conveniently performed during the systemic 
rewarming period. 14 

When the patient has fully rew armed, cardiop- 
ulmonary bypass is discontinued. Dopamine is 
routinely administered at low doses, and other 
inotropic agents and vasodilators are titrated as 
necessary to sustain acceptable hemodynamics. 
With a successful endarterectomy the cardiac 
output is generally high, with a low systemic vascular 
resistance. Temporary atrial and ventricular epi- 
cardial pacing wires are placed. 

Despite the duration of extracorporeal circu- 
lation, hemostasis is readily achieved, and the 
administration of platelets or coagulation factors is 
rarely necessary. Wound closure is routine. Given 


the degree of preoperative volume overload, the 
relief of pulmonary obstruction, in addition to the 
previous systemic hypothermia, a vigorous diuresis 
is usual for the following few hours. 

18.8. Results 

In our most recent series involving about 1,000 
patients, the mean patient age was 51.7 + 15.4 
years, with a range of 8.9-84.8 years. A similar 
number of men and women were referred for 
operation. With the exception of closure of patent 
foramen ovale, in 10% of cases, at least one 
additional cardiac procedure was performed 
at the time of operation. Most commonly, the 
adjunct procedures were coronary revasculariza- 
tion, aortic valve replacement, or mitral valve 
repair/replacement. There was no significant 
difference between patients undergoing pulmo- 
nary endarterectomy alone or combined with 
other cardiac operations with respect to cardi- 
opulmonary bypass time, cross-clamp time, or 
circulatory arrest time. In general total cardiop- 
ulmonary bypass time correlates with body mass 
and cooling-rewarming intervals. 

With this operation, a reduction in pulmonary 
artery pressures and pulmonary vascular resistance 
to normal levels and corresponding improvement 
in pulmonary blood flow and cardiac output are 
generally immediate and sustained. Improvement 
in the right ventricular function correlates with 
the decrease in the pulmonary pressures and the 
pulmonary vascular resistance. Generally the 
improvement is evident on the postoperative 
echocardiogram performed before discharge. This 
is in contrast to other conditions causing ventricular 
failure, and especially in disparity to the left 
ventricular failure caused as a result of outflow 
obstruction. In these patients, even when the 
insulting lesion or obstruction has been resolved, 
the ventricular dysfunction will not normalize. 
A good example is left ventricular failure as the 
result of aortic valve stenosis. After a valvular 
replacement, neither the LV dysfunction nor its 
hypertrophy will improve much. It is true that 
the failure will not progress, the patients will be 
much improved, and there may be some subtle 
enhancement in the LV function, but very rarely 
the function and size will normalize. 
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Before the operation, more than 85% of the 
patients were in New York Heart Association 
(NYHA) functional class III or IV; at the time 
of discharge, 80.2% were reclassified as NYHA 
functional class I or II. Echocardiographic studies 
on this patient cohort and other previous studies 
from our institution 18 demonstrated that with the 
elimination of chronic pressure overload, right 
ventricular geometry rapidly reverted to normal. 
Tricuspid valve function (as measured by tricuspid 
regurgitant velocity) returned to normal within 
a few days as a result of restoration of tricuspid 
annular geometry after the remodeling of the right 
ventricle. Tricuspid valve annuloplasty was not 
performed, even when severe tricuspid regurgitation 
was documented preoperatively. 

Reperfusion edema is the single most frequent com- 
plication after pulmonary endarterectomy, occurring 
in up to 1 1% of patients. In most patients with reper- 
fusion injury, the problem resolved with avoidance 
of hypercarbia, and a short period of ventilatory 
support and aggressive diuresis. A minority of 
patients with severe lung reperfusion injury required 
long periods of ventilatory support, and extreme cases 
(-1%) required veno- venous extracorporeal support 
for blood carbon dioxide removal and oxygenation. 
Neurologic complications from circulatory arrest 
largely have been eliminated by shorter circulatory 
arrest periods and the use of a direct cooling jacket 
placed around the head. Rates of perioperative con- 
fusion and stroke for pulmonary endarterectomy were 
similar to those seen with conventional open heart 
surgery. In our experience at UCSD, reexploration 
for bleeding was necessary in 3.2% of patients, and 
38.8% of patients required intraoperative or post- 
operative blood transfusion. Despite the length of this 
operation, wound infection (superficial and/or deep) 
occurred only in 1.6% of patients. 

18.9. Conclusion 

It is increasingly apparent that pulmonary hyper- 
tension caused by chronic pulmonary embolism is 
a condition which is under-recognized, and carries 
a poor prognosis. Because of the obstructive nature 
of this disease, medical therapy remains ineffective in 
prolonging life and at best only transiently improves 
the symptoms. The only therapeutic alternative to 
PTE is lung transplantation. The advantages of 
thromboendarterectomy include a lower operative 


mortality and excellent long-term results without 
the risks associated with chronic immunosuppression 
and chronic allograft rejection. 

Technical advances of the procedure over the last 
four decades, and in particular in the last 15 years, 
have significantly improved outcome. Attention to 
the surgical principles of this procedure is of para- 
mount importance. The procedure is performed 
through a median sternotomy for bilateral exposure 
and exploration. It should be performed with the 
use of circulatory arrest for excellent exposure of 
the distal branches. The correct plane is recognized, 
developed, and should then be followed all the way 
to the distal feathered tails in each branch. With 
careful and meticulous intraoperative techniques as 
well as vigilant postoperative care, the mortality for 
thromboendarterectomy at our institution is now in 
the range of 4.5%, with sustained benefit. These 
results are clearly superior to those for transplan- 
tation both in the short and long term. 

Although PTE is technically demanding for 
the surgeon, and requires careful dissection of the 
pulmonary artery planes and the use of circulatory 
arrest, excellent short- and long-term results can 
be achieved. It is the successive improvements in 
operative technique that allow pulmonary endarter- 
ectomy to be offered to patients with an acceptable 
mortality rate and excellent anticipation of clini- 
cal improvement. With this growing experience, 
we are now offering this procedure to all patients 
including some very high-risk candidates, as long 
as there is evidence of thromboembolic disease, 
regardless of the degree of pulmonary hypertension 
or right ventricular failure. 

The primary problem remains that this is an 
under-recognized condition, and unfortunately there 
are still a large number of patients with CTEPH who 
carry other diagnoses and are mistreated as such. 
Increased understanding of both the prevalence of 
this condition and the opportunity and availability 
of a surgical cure should benefit more patients. 
Surgical removal of the thromboembolic material 
by means of a complete endarterectomy provides 
these patients an opportunity for relief from this 
debilitating and ultimately fatal disease. 

Editor's Note: 

While the bulk of the experience has been at 
UCSD, other selected centers worldwide have 
adopted this technique with reasonable results. 


18. Other Techniques in Special Circumstances 
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An alternative to circulatory arrest is antegrade 
cerebral perfusion at low temperatures with low- 
flow cardiopulmonary bypass, with acceptable 
visualization. One presumes that with increased 
use of multidetector CT scanning, we will see 
more of these patients being referred for further 
management and surgery. 

18.10. Keypoints to Remember 
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CTEPH is a potentially treatable condition. The 
prognosis is best before the mean PA pressure 
crosses 50mmHg and is good in patients with 
proximal thromboemboli. 

Diagnosis of this condition requires a high 
index of suspicion and this is a large underdiag- 
nosed clinical entity. 

Treatment is almost always surgical. This 
entails complete dissection and removal of 
thromboemboli from both sides. Visualization 
of the plane between the lining of pulmonary 
arterial branches and thromboemboli is best 
under conditions of circulatory arrest. However, 
in selected patients and instances, antegrade cer- 
ebral perfusion with low-flow cardiopulmonary 
bypass may provide adequate visualization. The 
hallmark of success is the fall in pulmonary 
artery pressures immediately and gradual reso- 
lution of tricuspid regurgitation. 
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Surgical Management of Pediatric Heart 
Failure and Heart Failure due 
to Congenital Heart Disease 

Emile A. Bacha 


19.1. Introduction 

Heart failure (HF) is a well-recognized public 
health problem, but in children, the scope of the 
problem is less well defined. Recent data from 
the Pediatric Cardiomyopathy Registry suggest 
an annual incidence of 1.1 cases of cardiomy- 
opathy per 100,000 children. 1 The majority of 
children with cardiomyopathy have HF, and the 
mortality rate stands at 13.6% at 2 years for the 
dilated forms of cardiomyopathy. A further dif- 
ference with adult disease is the cause of HF. 
Children have a genetic syndrome or diagnosis 
in 27% of cases, about 5% of cases are due 
to myocarditis, and the majority of children 
in end-stage HF have an underlying diagnosis 
of congenital heart disease. 2 - 3 HF in children 
may develop from myocyte dysfunction or on 
the basis of congenital disorders resulting in 
volume or pressure overload. Both the latter 
conditions are typically addressed surgically 
or via interventional techniques. Management 
guidelines for adult HF have been extensively 
documented and published. Only recently have 
practice guidelines for management of HF in 
children been published. 4 Even the use of the 
term HF in children can be ambiguous because 
it often includes children with uncorrected struc- 
tural lesions resulting in left to right shunting 
with usually preserved systolic function. 


19.2. Surgical Management 
of Heart Failure in the Systemic 
Right Ventricle 

This group of patients essentially includes two 
diagnostic groups: 

1. Patients with D-transposition of the great arter- 
ies (D-TGA) who were treated mostly before the 
1980s with an atrial switch procedure (Senning 
or Mustard repair). 

2. Patients born with congenitally corrected 
transposition of the great arteries (CCTGA). This 
is a rare anomaly that comprises less than 1% of 
all patients with congenital heart disease. Patients 
with CCTGA have their ventricles "inverted," that 
is, right atrial systemic venous blood goes into the 
left ventricle and then the pulmonary artery (PA); 
the left atrial pulmonary venous blood empties 
into the right ventricle and then the aorta. 

19.2.1. Patients with D-Transposition of 
the Great Arteries 

D-TGA is the fifth or sixth most common diagnosis 
in congenital heart disease. Before the 1980s, 
patients with D-TGA were being treated routinely 
with atrial switches and achieved survival rates of 
>90%. Therefore, there are a substantial number 
of survivors who are now adults and will likely 
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develop various degrees of systemic ventricular 
dysfunction. Right ventricular (RV) performance 
at rest may be normal, 5 but these patients' exercise 
ability is often limited because of chronotropic 
incompetence (likely due to atrial baffle suture 
lines) and limited stroke volume reserve. 6 7 Further 
potential etiologies for late systemic RV dysfunction 
after atrial switch include different mechanics and 
fiber arrangements of the RV compared to the LV, 
a definite incidence of baffle leaks or obstruction 
resulting in suboptimal hemodynamics due to atrial 
level shunting, the ability of the tricuspid valve 
to function in the systemic circulation with late 
onset of tricuspid insufficiency, and myocardial 
fibrosis secondary to prolonged hypoxemia during 
infancy (while waiting for surgery) or poor (some- 
times none except for hypothermia) myocardial 
protection during repair. 8 Chronic subendocardial 
ischemia has been described using single photon 
emission computed tomography. 9 

Medical management is essentially based on that 
of adult patients with systemic LV failure. Before 
embarking on surgical therapy, it is essential to 
evaluate adult patients completely and thoroughly 
by all available means, including angiograms. 
Often, structural anomalies that are present can be 
diagnosed and repaired. The most commonly found 
anomaly late after atrial switch is baffle leaks that 
can lead to significant left-to-right shunting and HE 
These can often be occluded in the catheterization 
laboratory using devices. Baffle stenosis can result 
in venous occlusion of either the superior vena cava 
(SVC) or the inferior vena cava (IVC). Surgery is 
often needed as interventional approaches often 
fail to close baffle leaks or dilate (or stent) sten- 
oses in the atrial baffles. Structural valve problems 
can also mimic symptoms of HF and should be 
aggressively thought out. In particular, the systemic 
tricuspid valve is not designed to withstand 
systemic pressures and thus may require repair or 
replacement. The principles of repair or replace- 
ment of the systemic tricuspid valve are essentially 
the same as those for mitral valve surgery, except 
that it will be in an anterior location and thus more 
easily accessible to the surgeon. 

For patients with no structural problems and 
systemic RV failure, there are two options: a heart 
transplant or an atrial baffle takedown accompanied 
by an arterial switch procedure. The former fol- 
lows the usual principles of heart transplantation 


in adults whereby all connections will be in their 
usual anatomic location (the great vessels may 
be less rotated and more in an anterior-posterior 
relationship, with the aorta anterior to the PA). 
The atrial baffle takedown and arterial switch 
procedure have been done in selected centers only. 
The central problem is to retrain or recondition 
the LV (usually with sequential PA banding with 
or without an additional aortopulmonary shunt) in 
order for it to function in the systemic circulation. 10 
Roughly one-third of patients respond unfavorably 
to PA banding, with a mortality of 14% for this 
procedure. 10 In particular, the response to morpho- 
logically left ventricular reconditioning past ado- 
lescence has been inconsistent, and patients older 
than 12 years are likely to be better served with 
heart transplantation. However, in selected (mostly 
young) patients, atrial baffle takedown and arterial 
switch procedure is a viable alternative to cardiac 
transplantation with good long-term results. 

19.2.2. Patients with CCTGA 

Unlike late atrial switch survivors, the clini- 
cal course of patients with CCTGA is often 
determined by associated structural defects such 
as ventricular septal defects, tricuspid valve 
(systemic atrio-ventricular valve) prolapse and 
regurgitation, pulmonary stenosis, or by electro- 
physiologic anomalies such as atrioventricular 
block. Patients with CCTGA (mainly those who 
lack any associated anomalies) can function well 
into adulthood. However, the majority will have 
systemic RV dysfunction and HF with advancing 
age. By 45 years of age, 25% of patients without 
and 67% of patients with associated lesions have 
HF. 11 This is why some have advocated early 
performance of a double-switch operation. 12 The 
double-switch operation can be performed with 
excellent hospital and long-term survival prefer- 
ably at a young age. However, the theoretical 
advantages of this procedure, which enables the 
morphologic left ventricle and mitral valve to 
support a systemic pressure load, must be estab- 
lished by careful follow-up of these patients. In 
older patients presenting in HF, the surgical man- 
agement is similar to that of patients with atrial 
switch operations. In the presence of structural 
anomalies, surgery should be strongly considered. 
When RV dysfunction is associated with tricuspid 
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valve insufficiency, and particularly when there 
is associated structural valve disease, surgery in 
the form of either repair or replacement should 
be performed. A recent retrospective study of 123 
patients showed that right HF and need for tricus- 
pid valve surgery were significant risk factors for 
death at any time. 13 Patients with advanced RV 
dysfunction refractory to medical management 
should be considered for heart transplantation. 

19.3. Surgical Management of 
Chronic Heart Failure in the 
Univentricular Circulation 

The majority of patients born with single ventricles 
undergo surgical palliation early on in the form of 
a stage I Norwood procedure, a PA band, or an 
aortopulmonary shunt first, followed by a bidirec- 
tional cavopulmonary anastomosis and ultimately 
the Fontan procedure (total cavopulmonary con- 
nection). Early palliation with complete mixing 
of systemic and pulmonary venous blood (as in 
the Norwood, aortopulmonary shunt, or PA band 
procedures) requires that ventricular output must 
be maintained at a level that is — two to three times 
normal. 1415 After final palliation (Fontan opera- 
tion), the durability of the systemic ventricle (in 
particular right ventricle) is questionable. 1617 

Manifestations of HF in single-ventricle 
patients can be varied and are often related to 
the high systemic venous pressures, which by 
necessity is higher than the pulmonary pres- 
sure (passive flow into the lungs). In addition, 
their limited exercise capacity may or may not 
be related to ventricular dysfunction, as sys- 
temic or pulmonary venous obstruction, valve 
regurgitation, or arrhythmias are also associ- 
ated with worse outcomes. Survival rates after 
a "perfect" Fontan operation have been reported 
to be between 70% and 90% at 5 years and 60% 
and 80% at 10 years. 3,18 In general, invasive 
hemodynamic evaluation is needed to document 
myocardial dysfunction and rule out other poten- 
tially treatable factors. If unresponsive to medi- 
cal, surgical, and catheter-based intervention, 
cardiac transplantation is the only therapeutic 
recourse available. Patients with single-ventricle 
physiology now comprise 70-80% of patients 


transplanted for congenital heart disease. 3 With 
increased survival rates after stage I palliation, 
that proportion is likely to increase. A recent 
retrospective study of a large patient cohort 3 
showed that the majority (57%) of patients 
underwent heart transplant for HF due to systolic 
ventricular dysfunction. However, 43% of trans- 
planted patients had preserved systolic function 
with presence of significant exercise intolerance 
due to failed Fontan circulation (signs and symp- 
toms of poor cardiac output in the absence of 
ventricular dysfunction). 

Figure 19.1 shows the steps involved in the first 
step of palliation, the cavo-pulmonary connection 
also known as the Glenn shunt. 

Heart transplantation in patients with single- 
ventricle physiology poses unique challenges, the 
most common of which are listed below: 

1. They have usually undergone multiple surgical 
procedures with resulting vascular adhesions from 
microscopic aortopulmonary or veno-venous col- 
laterals as well as sternal deformities. 

2. They therefore often require inguinal access 
for establishment of cardiopulmonary bypass. 
This may be complicated by vessel occlu- 
sions in the lower body due to the multiple 



Figure 19.1. The completed Glenn Cavo-pulmonary 
connection. This shows the oversewn main pulmonary 
artery (PA), the superior vena cava (SVC) sutured to 
the main PA above and below, and the left SVC sutured 
to the left branch PA. 
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catheterizations they have typically under- 
gone. Lower body vascular studies are a must 
prior to transplant. 

3. More than 90% of patients 3 will require recon- 
structive surgery such as PA reconstruction or 
rerouting of pulmonary venous pathways with 
concomitant prolongation of ischemic and car- 
diopulmonary bypass times. 

4. Pulmonary arterio-venous malformations, which 
most single-ventricle patients have acquired to 
various degrees, can be a major obstacle post- 
operatively, resulting in significant left-to-right 
shunting and high-output congestive HE These 
patients may require urgent coil occlusion post- 
operatively. 

5. They have had years of long-standing elevated 
systemic venous pressures with resultant end- 
organ damage such as liver fibrosis or kidney 
damage. 

6. They are often chronically debilitated with 
severely limited functional capacity. 

7. Protein-losing enteropathy is a poorly under- 
stood long-term complication of single-ventricle 
physiology and can be sometimes effectively 
treated with cardiac transplantation. 319 However, 
it is also clearly a risk factor for death after 
transplant. 3 

For the reasons mentioned above, the postop- 
erative course is usually more complicated than 
with non-single- ventricle recipients. Infection 
is a common problem, occurring in as much as 
22% of recipients. 3 This compares to a 7-30% 
incidence of infection in patients transplanted 
for all causes. 20 Overall Kaplan-Meier survival 
curves for transplantation in single-ventricle 
patients show survival rates of 72% at 1 year and 
62% at 10 years in the most recent large study. 3 
The registry of the International Society for 
Heart and Lung Transplantation has reported that 
congenital heart disease of any kind is a signifi- 
cant risk factor for 1-year survival. 21 There cur- 
rently exists an increasing number of long-term 
survivors after the Fontan procedure. Cardiac 
transplantation remains the standard option 
for those with failed single-ventricle physiol- 
ogy. However, more efforts should be expanded 
toward patient selection and timing of transplan- 
tation in an effort to improve outcomes. 


19.4. Acute Heart Failure 
After Surgery for Congenital 
Heart Disease 

Mechanical circulatory support has become a 
crucial element of postoperative management of 
children after surgery for congenital heart disease. 
The largest experience in the pediatric popula- 
tion is with extracorporeal membrane oxygena- 
tion (ECMO), 22 primarily because size limitations 
have precluded extensive use of other modalities. 
However, smaller ventricular assist devices are 
being developed primarily in Europe, and have 
even been applied to neonates. 23 There currently 
is no FDA-approved pediatric ventricular assist 
device in the United States. Adolescents and 
children weighing more than 45 kg can often be 
supported by the currently available adult-size 
ventricular assist devices. The choice of modality 
in a given patient will depend on the age and size 
of the patient, the specific pathophysiology, on the 
availability of support devices, and on physician 
expertise. 

Traditional indications have included low car- 
diac output unresponsive to pharmacologic sup- 
port or resuscitation after cardiac arrest. With 
improved survival rates after mechanical support, 
these indications have recently evolved to include 
earlier institution of mechanical support in children 
with increasing inotropic support and end-organ 
malperfusion or neonates after stage I palliation. 24 
Mechanical assist can be used to recover patients 
after surgery, with cardiac remodeling occurring 
during support. Incomplete repairs or remaining 
residual hemodynamic lesions should be aggres- 
sively thought out by echocardiography and angi- 
ography and repaired if present. Similarly, patients 
who fail to wean from cardiopulmonary bypass can 
effectively be transitioned to mechanical support 
after residual lesions have been excluded. Overall, 
the outcomes in the group of patients placed 
on mechanical support during the postoperative 
period is less satisfactory than for other indica- 
tions of mechanical support such as myocarditis or 
intractable arrhythmias. 22 A recent study looking 
at a 10-year experience in 96 patients revealed a 
40% survival to hospital discharge. 25 Furthermore, 
the use of mechanical support in single-ventricle 
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patients has been associated with poorer outcomes, 
although recent studies show some improvement. 24 
When cardiac recovery is not expected, mechani- 
cal support can be used as a bridge to transplant. 26 
Long-term outcomes among those undergoing 
heart transplantation after support with ECMO are 
comparable with those of patients not receiving 
ECMO. 26 Extracorporeal membrane oxygenation 
can also be a useful posttransplant support device. 
Cannulation for ECMO is typically done via the 
sternotomy in the case of postoperative patients, 
and via the right-sided neck vessels for patients 
who do not have a recent sternotomy. 

Figure 19.2 shows the Glenn shunt being taken 
down to allow implant of heart transplant and 
Figure 19.3 shows the new heart with the circulation 
connected the normal way. 



Figure 19.2. The aorta cross clamped and the Glenn 
connected being taken down; the superior vena cava 
(SVC) transected and opened just about the right atrium; 
a longitudinal incision in the main pulmonary artery 
(PA); a divided left SVC; and an opened atrium. 



Figure 19.3. The completed heart transplant after these 
connections have been hooked up to the new heart. 


Key Points to Remember 


- Heart failure in children is an important problem, 
the scope of which is less well defined than in 
the adult population. This is associated with 
a high mortality and morbidity. 

- More than a quarter of the pediatric heart fail- 
ure patients have a genetic basis. 

- A significant number of children with com- 
plex congenital anomalies are born or end up 
with single ventricle physiology which makes 
management complicated. 

- Options for mechanical assistance of end-stage 
heart failure are very limited in children. 

- Transplantation in children is severely limited 
by donor organ shortage. 
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20.1. Introduction 

Medical management of patients with heart fail- 
ure is certainly challenging. Perioperative anes- 
thetic management of these oftentimes extremely 
sick individuals is even more challenging for 
a wide variety of reasons (essentially all anes- 
thetic techniques compromise the cardiovascular 
system, patients are undergoing major invasive 
surgery, detrimental physiologic effects associated 
with cardiopulmonary bypass, etc.). In order to 
ensure acceptable postoperative outcome, a true 
team approach is required by the surgeon, anesthe- 
siologist, perfusionist, and nursing staff. Adequate 
communication is required by all to identify and 
attain perioperative goals. The anesthesiologist's 
job is to choose and safely administer an appropri- 
ate anesthetic technique for each particular patient 
undergoing his or her specific surgery. Most times, 
no specific drug or technique is truly indicated. As 
we will see, identified goals (analgesia, amnesia, 
muscle relaxation) can be safely attained in many 
ways. One of the most challenging tasks confronting 
the anesthesiologist when managing these patients 
is that of maintaining perioperative hemodynamic 
stability. The key to successfully managing this 
problem is correctly identifying the cause of hemo- 
dynamic instability (preload, myocardial contrac- 
tility, afterload) via a wide variety of monitoring 
techniques (electrocardiography, pulmonary artery 
catheter, transesophageal echocardiography, etc.). 
Once again, as we will see, identified goals (optimize 
preload, optimize myocardial contractility, optimize 
afterload) can be safely attained in many ways. 


The successful perioperative anesthetic man- 
agement of patients with heart failure is com- 
plex and challenging. Anesthesiologists managing 
these patients need to have extensive knowledge 
regarding cardiovascular physiology and phar- 
macology, physiologic effects of anesthetic drugs 
and techniques on the cardiovascular system, and 
rational assessment/pharmacologic treatment of 
hemodynamic instability. In the current era, all 
such anesthesiologists managing these extremely 
sick individuals should possess appropriate skills 
regarding the use of transesophageal echocardi- 
ography. Identified perioperative goals may be 
attained safely in many ways. Thus, there is much 
"art" (which requires extensive clinical experience) 
to the successful perioperative anesthetic manage- 
ment of patients with heart failure. 

20.2. Anesthetic Management 

20.2.1. Preoperative Assessment 

The goals of preoperative assessment include 
reducing surgical morbidity, increasing quality and 
decreasing cost of perioperative care, and allowing 
the patient to return to desirable functioning as 
quickly as possible. Traditionally, the anesthesiolo- 
gist will meet with the patient to review medical 
and surgical history, order appropriate laboratory 
tests, obtain informed consent, educate the patient 
regarding all aspects of perioperative care, and 
answer questions the patient may have. 

Table 20. 1 lists items reviewed by the anesthesi- 
ologist during preoperative assessment. Numerous 
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Table 20.1. Preoperative assessment. 

Age/gender/race/height/weight 
Proposed surgery 
Past medical history 
Past surgical history 
Allergies 

Current medications 
Vital signs 

Physical examination 
Laboratory tests 
Additional tests 


Table 20.2. Agents commonly used during anesthesia. 

Intravenous opioids 

Morphine, fentanyl, sufentanil 
Intravenous benzodiazepines 

Diazepam, midazolam 
Inhaled anesthetics 

Isoflurane, desflurane, sevoflurane 
Intravenous alpha-2 receptor agonists 

Dexmedetomidine 
Intravenous muscle relaxants 

Pancuronium, vecuronium, rocuronium 


factors profoundly influence perioperative anes- 
thetic management. For instance, the presence 
of renal failure and/or hepatic failure dictates 
which specific anesthetic medications may or 
may not be administered. Specifically regarding 
patients with heart failure, knowledge of current 
cardiac medications (beta-adrenergic blockers, 
diuretics, digitalis, etc.) is required prior to 
planning technique of anesthesia. Additionally, 
certain preoperative tests (echocardiography, 
cardiac catheterization, etc.) give the anesthesi- 
ologists valuable information regarding left ven- 
tricular function and valvular function; again, 
knowledge required prior to planning technique 
of anesthesia. 

Patients with heart failure undergo a wide vari- 
ety of surgical procedures. Thus, it is important 
for all perioperative caregivers (surgeon, anesthe- 
siologist, perfusionist, and nursing staff) to "be 
on the same page" regarding the planned surgical 
procedure (coronary artery bypass grafting, valve 
repair or replacement, ventricular reconstruc- 
tion, etc.). Additionally, it should be determined 
whether or not cardiopulmonary bypass will be 
utilized. Numerous surgical procedures are now 
being attempted without assist of cardiopulmonary 
bypass (off-pump). 

If cardiopulmonary bypass is to be utilized, 
it should be clear to all what specific technique 
will be used (normothermic, hypothermic, beating 
heart, arrested heart, etc.). The planned surgical 
procedure and use/nonuse/technique of cardiop- 
ulmonary bypass (decisions arrived at oftentimes 
only after intraoperative transesophageal echocar- 
diographic evaluation) profoundly influence tech- 
nique of anesthesia. 


20.2.2. Goals of Anesthetic 
Management 

The major goals of anesthesia include analgesia 
(pain relief), amnesia (lack of recall), hemody- 
namic stability, and perhaps muscle relaxation 
(paralysis). Table 20.2 presents the variety of 
most common ways the anesthesiologist may 
safely attain these goals (methods of attaining 
hemodynamic stability will be addressed later). 
Most commonly, a combination of intravenous 
opioid (analgesia), intravenous benzodiazepine 
(amnesia), and inhalational anesthetic (analgesia 
and amnesia) is used. In the current era of "fast- 
tracking," specific drugs and amounts are chosen 
for specific anesthetic goals in each individual 
patient in order to allow the patient to awaken 
from anesthesia in the immediate postopera- 
tive period. Thus, short-acting drugs (fentanyl, 
midazolam) and/or inhalational anesthetics are 
favored. 


20.2.3. Monitored Anesthesia Care 

The term monitored anesthesia care generally 
implies simple intravenous sedation. Most com- 
monly, a combination of intravenous opioid and 
intravenous benzodiazepine is administered to a 
spontaneously breathing patient. Because amounts 
of opioid and benzodiazepine must be carefully 
kept to an appropriate minimum (both drug classes 
promote respiratory depression), only certain 
minimally invasive surgeries may be performed 
in patients with heart failure under monitored 
anesthesia care (pacemakers, etc.). 
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20.2.4. Regional Anesthesia 

The term regional anesthesia generally implies the 
use of a wide variety of peripheral nerve blocks 
(parasternal block, intercostal nerve block, etc.), 
intrathecal techniques, and/or epidural techniques. 1 
While general anesthesia may be supplemented 
with regional anesthetic techniques, the traditional 
use of the term regional anesthesia usually implies 
the use of regional anesthetic techniques and 
intravenous sedation in a spontaneously breathing 
patient. Thus, amounts of intravenous opioid and 
benzodiazepine must be carefully kept to an appro- 
priate minimum, limiting the scope of surgeries 
that may be performed in patients with heart failure 
under regional anesthesia. 

Use of regional anesthetic techniques in patients 
undergoing cardiac surgery, while seemingly increas- 
ing in popularity, remains extremely controver- 
sial, prompting numerous editorials by recognized 
experts in the field of cardiac anesthesia. One of the 
main reasons such controversy exists (and likely 
will continue for some time) is that the numer- 
ous clinical investigations regarding this topic are 
suboptimally designed and utilize a wide array of 
disparate techniques preventing clinically useful 
conclusions all can agree on. 2-5 

20.2.5. General Anesthesia 

The term general anesthesia usually implies the use 
of moderate to large doses of intravenous agents 
and/or inhalational agents (with or without intra- 
venous muscle relaxants) along with endotracheal 
intubation and mechanical ventilation. The vast 
majority of cardiac surgeries performed in patients 
(with or without heart failure) are performed under 
general endotracheal anesthesia. The total control 
over the respiratory system via mechanical ventila- 
tion allows the anesthesiologist to administer large 
amounts of intravenous anesthetics and/or inhala- 
tional anesthetics to the patient, permitting invasive 
cardiac surgery to occur. General anesthesia is 
sometimes supplemented with regional anesthetic 
techniques. 

20.2.6. Premedication 

The goals of premedication include decreased patient 
anxiety, production of amnesia, and minimization 


of pain associated with vascular cannulation in 
the preanesthetic period without producing ven- 
tilation or cardiac depression. These goals are 
most commonly met by administering small and 
appropriate amounts of intravenous opioids for anal- 
gesia and intravenous benzodiazepines for amnesia. 
Additionally, most anesthesiologists have patients 
take their routine cardiovascular medications (beta- 
adrenergic blockers, etc.) the morning of surgery 
(with small sips of water) in hopes of promoting 
perioperative hemodynamic stability. 

20.2.7. Monitoring 

Numerous physiologic parameters are monitored in 
patients undergoing cardiac surgery (Table 20.3). 
Arterial blood pressure may be monitored nonin- 
vasively or invasively. Cardiac rate and rhythm is 
assessed via electrocardiography. Cardiac function 
(preload, myocardial contractility, etc.) is most 
commonly monitored via the pulmonary artery 
catheter and/or transesophageal echocardiography, 
and will be discussed in greater detail later in this 
chapter. Pulmonary function is assessed in a wide 
variety of ways, including assessment of pulmonary 
compliance and interpretation of arterial blood gas 
tensions (oxygen, carbon dioxide). Urine output is 
closely monitored in all patients undergoing cardiac 
surgery, especially so in patients with preoperative 
renal dysfunction. Maintenance of normothermia 
in patients is extremely important (and sometimes 
difficult), especially in cardiac surgeries without 
assist of cardiopulmonary bypass. Numerous arte- 
rial blood samples are obtained perioperatively 
in order to monitor pulmonary function, a wide 
variety of serum electrolytes (potassium, magne- 
sium, etc.), glucose levels, and hemoglobin levels. 
Frequent assessment of coagulation is important as 


Table 20.3. Monitored physiologic parameters. 

Arterial blood pressure 
Cardiac rate and rhythm 
Cardiac function 
Pulmonary function 
Renal function 
Body temperature 
Blood gas analysis 
Coagulation analysis 
Cerebral function 
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well, because essentially all patients undergoing 
cardiac surgery will be subjected to at least some 
degree of anticoagulation (and possibly reversal 
of anticoagulation). Cerebral function monitoring 
is somewhat controversial. Neurologic insult (via 
microemboli and/or macroemboli) continues to 
haunt cardiac surgery. Although numerous inves- 
tigators have valiantly tried, we are still without 
a monitor that reliably and effectively predicts 
neither intraoperative recall nor development of 
postoperative neurologic insult (stroke or diffuse 
neuropsychological dysfunction). 

20.2.8. Induction of General Anesthesia 

Prior to induction of general anesthesia in patients 
scheduled for cardiac surgery, a wide variety 
of items need to be prepared and checked out. 
The anesthesia machine needs to be checked out 
and airway materials (laryngoscope) prepared. 
Appropriate medications (anesthetic drugs, potent 
cardiovascular drugs) need to be prepared as well. 
Currently, peripheral venous access is obtained 
and intravenous premedication administered. Most 
anesthesiologists insert invasive arterial catheters 
(usually radial artery) prior to induction of general 
anesthesia. Safe induction of general anesthesia 
in patients with heart failure can be accomplished 
in a wide variety of ways. Any one of a combina- 
tion of anesthetic drugs can be selected on the 
basis of both their anesthetic properties and their 
hemodynamic effects. However, one must realize 
that essentially all intravenous and inhalational 
anesthetics can initiate profound (dose-related) 
cardiorespiratory depression. Additionally, the 
anesthesiologist should thoroughly understand the 
patient's underlying cardiac status (left ventricular 
function, extent of valvular disease, etc.) prior to 
induction of general anesthesia because specific 
choices of anesthetic drugs may be determined by 
specific physiologic goals in individual patients 
(e.g., avoidance of arterial vasodilation in a patient 
with aortic stenosis). Most commonly, a combina- 
tion of intravenous opioid (analgesia), intravenous 
benzodiazepine (amnesia), and inhalational anes- 
thetic (analgesia and amnesia) is used. Following 
induction of general anesthesia, the trachea is 
intubated with a cuffed endotracheal tube (follow- 
ing administration of an intravenous muscle relax- 
ant). The choice of a particular muscle relaxant 


is based upon pharmacokinetics (speed of onset, 
half-life, etc.) and autonomic and hemodynamic 
side effects. In most patients, tracheal intubation 
is accomplished via direct laryngoscopy. However, 
in patients with altered airway anatomy, tracheal 
intubation must be accomplished in another man- 
ner (awake fiberoptic, asleep fiberoptic, etc.). Once 
the airway is secured, mechanical ventilation is 
appropriately initiated. 

20.2.9. Maintenance of General 
Anesthesia 

Maintenance of general anesthesia involves con- 
tinued administration of intravenous anesthetics 
and/or inhalational anesthetics to achieve the goals 
of analgesia and amnesia (and possibly muscle 
relaxation). While muscle relaxation during car- 
diac surgery is not required, it is often achieved for 
a wide variety of reasons (facilitate endotracheal 
intubation, limit oxygen consumption, prevent 
shivering, and prevent unexpected movement dur- 
ing critical periods of the operation). The drawback 
of continuous muscular paralysis is its interference 
with somatic signs (movement) of light anesthesia. 
If cardiopulmonary bypass is used, maintenance 
of general anesthesia is attained via continued 
administration of intravenous anesthetics and/or 
inhalational anesthetics. 

20.2.10. Emergence from General 
Anesthesia 

With the focus on reducing costs by shortening the 
length of stay in the intensive care unit, the anesthe- 
siologist in encouraged to design an anesthetic plan 
that not only fulfills the requirements of general 
anesthesia (analgesia, amnesia, muscle relaxation, 
hemodynamic stability, etc.) during intense nox- 
ious stimulation intraoperatively but also allows 
an appropriately rapid recovery of consciousness 
and spontaneous ventilation postoperatively. In the 
uncomplicated case, the goal is to allow tracheal 
extubation very soon after the patient's condition is 
stabilized in the intensive care unit, usually within 
2-A h postoperatively. Hence, there is continuing 
effort to develop rapid-onset, short-acting anesthet- 
ics, opioids, benzodiazepines, and muscle relaxants 
that allow efficient titration of dose (or infusion 
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rate) according to the individual patient's needs 
both intraoperatively and postoperatively. 

20.3. Hemodynamic Management 

Potential therapeutic interventions in managing 
patients with hypotension and/or decreased car- 
diac output include manipulation of heart rate or 
rhythm, optimizing preload, optimizing myocardial 
contractility, and/or optimizing systemic vascular 
resistance. 6 - 7 When managing patients with hypo- 
tension and/or decreased cardiac output, the initial 
important task for the clinician is to appropriately 
assess the hemodynamic instability to determine 
the etiologic roles that heart rate/rhythm, preload, 
myocardial contractility, and/or systemic vascular 
resistance contribute to the hemodynamic instabil- 
ity. Once the cause(s) of hemodynamic instability is 
identified, the physiologic goal(s) is identified and 
appropriate specific therapy is initiated. Such deci- 
sions are clinically important. Appropriate clinical 
interventions can prove lifesaving. Conversely, 
inappropriate clinical interventions can prove 
deadly. For example, administering a vasoconstric- 
tor to a patient who has hypotension/decreased 
cardiac output from left ventricular failure will 
most certainly precipitate clinical deterioration. 
This patient requires agents that increase myocar- 
dial contractility and/or initiate afterload reduction 
(not vasoconstrictors). Section 20.3.1 will focus on 
how clinicians should appropriately assess hemo- 
dynamic instability, choose the physiologic goal(s), 
initiate appropriate specific therapy, and assess the 
outcome of the chosen therapy. 8,9 

20.3.1. Hemodynamic Instability 
Assessment 

Numerous clinical variables must be contemplated 
during assessment of hemodynamic instability 
(Table 20.4). Determination of blood pressure 
and evaluation of heart rate and rhythm obviously 
play an important role in initial early assessment 
of hemodynamic instability. Level of hypotension 
(mild, moderate, severe) determines the time frame 
in which the clinician must operate. In certain 
patients, manipulation of heart rate and/or heart 
rhythm may restore hemodynamic stability. While 
the physical examination may be of great value in 


Table 20.4. Hemodynamic instability assessment. 

Blood pressure/heart rate 
Electrocardiogram 
Mental status/urine output 
Arterial/venous blood analysis 
Central venous pressure 
Pulmonary artery catheter 
Echocardiography 


diagnosing gross or acute pathology (pneumotho- 
rax, hemothorax, acute valvular insufficiency), it 
is of limited value in diagnosing and managing 
ventricular failure. While level of mental status and 
amount of urine output may be beneficial in certain 
patients, classic clinical indicators of decreased 
cardiac output (oliguria, metabolic acidosis) may 
not always be reliable. Thus, in essentially all 
patients with clinically significant hemodynamic 
instability that requires more than routine therapy, 
more information will be required then is routinely 
obtained in order to appropriately assess the hemo- 
dynamic instability. Such information is most com- 
monly obtained via assessment of central venous 
pressure, insertion of a pulmonary artery catheter, 
and/or some form of echocardiography. Each of 
these three methods has unique advantages and 
disadvantages. 

The routine use of a pulmonary artery catheter 
in all patients with hemodynamic instability has 
progressively been replaced by a more selective 
approach. In general, a central venous pressure 
catheter alone may be used for monitoring in 
patients with preserved left ventricular func- 
tion (ejection fraction > 40%) and no severe 
valvular pathology. If the patient continues to 
clinically deteriorate (progressive hypotension, 
unexplained oliguria, and/or acidosis), then a 
pulmonary artery catheter may be inserted to 
gather additional information, such as right ven- 
tricular pressure, pulmonary artery pressure, and 
pulmonary artery occlusive pressure. Derived 
variables, such as cardiac output/cardiac index, 
pulmonary vascular resistance, and systemic 
vascular resistance, may also then be obtained. 
Special purpose pulmonary artery catheters for 
continuous cardiac output measurements, con- 
tinuous mixed venous oximetry measurements, 
pacing ability, and/or right ventricular ejection 
fraction are also available. 
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Table 20.5. Comparison of pulmonary artery catheter data and echocardiography data. 

Pulmonary artery 


Determinant 

catheter data 

Echocardiography data 

Preload 

LVP, PAOP 

Direct 

Afterload 

SVR 

All stress 

Systolic function 

SV,CO 

FAC, EF, SV, CO, ESPVR 

Diastolic function 

CVP, PAOP 

Filling profiles 

Ischemia 

Insensitive 

Sensitive 

Valvular function 

Indirect 

Direct 

Aneurysm/dissection 

Not useful 

Extremely useful 

Effusion/taraponade 

Indirect 

Direct 

Intracardiac catheters 

Not useful 

Extremely useful 


CVP central venous pressure, PAOP pulmonary artery occlusion pressure, SVR systemic vascular resistance, 
SV stroke volume, CO cardiac output, FAC fractional area change, ESPVR end-systolic pressure-volume 
relation 


The introduction of the flow-directed pulmo- 
nary artery catheter in the 1970s represented, at 
the time, a major advance in the monitoring of 
hemodynamic ally unstable patients. A very large 
amount of information (intracardiac pressures, 
derived hemodynamic and pulmonary parameters) 
can be gathered. However, one must keep in mind 
that clinical data obtained from a pulmonary artery 
catheter may be erroneous and/or misleading. 10,11 
Some recent clinical investigations have indicated 
that information obtained from pulmonary artery 
catheters may in fact lead clinicians to initiate 
inappropriate therapy, which may increase morbid- 
ity and mortality. Such clinical investigations have 
stirred controversy regarding proper clinical utili- 
zation of (and interpretation of data from) the pul- 
monary artery catheter. Some investigators/editors 
have even suggested that use of the pulmonary 
artery catheter should be abandoned. 

Probably the major reason for the "demise" of 
the pulmonary artery catheter has been the emer- 
gence of echocardiography (specifically trans- 
esophageal echocardiography) over the past two 
decades. It is now clear that information obtained 
from echocardiography is far superior (in quality 
and quantity) to that obtained from the pulmonary 
artery catheter. Furthermore, information from 
echocardiography has helped prove that much 
of the information obtained from the pulmonary 
artery catheter may be erroneous and/or mis- 
leading. Specifically, echocardiography provides 
definitive clinical data regarding preload, myocar- 
dial contractility, and systemic vascular resistance 


whereas the pulmonary artery catheter can only 
provide surrogates of these important variables. 
Furthermore, echocardiography can provide addi- 
tional useful clinical data that the pulmonary artery 
catheter cannot, such as information regarding 
diastolic function, myocardial ischemia, valvular 
function, potential aneurysm/dissection, potential 
effusion/tamponade, and the presence/position of 
intracardiac catheters (Table 20.5). The American 
Society of Anesthesiologists and the Society of 
Cardiovascular Anesthesiologists Task Force 
on Transesophageal Echocardiography deemed 
that unexplained hemodynamic disturbances not 
responsive to conventional therapy is a Class I 
indication for use of transesophageal echocardi- 
ography ("frequently useful in improving clinical 
outcome"). 12 

20.3.2. Physiologic Goals of Therapy 

By utilizing a clinically appropriate physical 
examination, invasive monitoring (central venous 
pressure, pulmonary artery catheter), and/or 
echocardiography, one can determine the physi- 
ologic goal(s) of therapy. Once assured that heart 
rate and rhythm are optimized, the clinician must 
then choose the appropriate mixture of optimiz- 
ing intravascular volume, optimizing myocardial 
contractility, and/or optimizing systemic vascular 
resistance (Table 20.6). The relative importance 
of each (preload, myocardial contractility, after- 
load) will vary in each individual patient and 
clinical scenario and is determined by the clinician 
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Table 20.6. Physiologic goals of therapy. 

Intravascular volume? 

Colloid/crystalloid 
Myocardial contractility? 

Inotropic agents 
Systemic vascular resistance? 

Vasopressor agents 


during assessment of hemodynamic instability. 
Once specific physiologic goal(s) of therapy are 
determined, choice of specific therapy may then be 
contemplated. 

20.3.3. Choice of Specific Therapy 

Optimization of intravascular volume (preload) 
requires administration of intravenous crystalloid 
and/or colloid, enhancing myocardial contractil- 
ity involves administration of intravenous ino- 
tropic agents, and increasing systemic vascular 
resistance (afterload) requires use of intravenous 
vasopressor agents. The most commonly utilized 
inotropic agents and vasopressor agents are listed 
in Table 20.7. 

Dopamine is an endogenous catecholamine and 
is an immediate precursor of norepinephrine and 
epinephrine. Its actions are mediated via stimula- 
tion of alpha-, beta-, and dopaminergic recep- 
tors. In low doses (l-3mcg/kg/min), dopamine 
predominantly stimulates dopaminergic recep- 
tors. Increasing the dose to 6-14mcg/kg/min pre- 
dominantly stimulates beta-receptors and further 
increases in dosing (>14mcg/kg/min) leads to 
exclusive stimulation of alpha-receptors. Such 


dose-dependent effects of dopamine are not very 
specific and can be influenced by many factors. 
Dopamine is unique in comparison with other 
endogenous catecholomines owing to its effects 
on the kidneys. It may increase renal artery blood 
flow by causing direct vasodilation of the afferent 
arteries and indirect vasoconstriction of the efferent 
arteries. This results in an increase in glomerular 
filtration pressure and in glomerular filtration rate. 

Dobutamine is a synthetic catecholamine that 
generally produces dose-dependent increases in 
cardiac output and reductions in diastolic filling 
pressures. Its primary physiologic effects are medi- 
ated via stimulation of beta-receptors (does possess 
minimal alpha-receptor activity). Venous return, 
augmented by adrenergic reduction of venous 
capacitance, likely contributes to the increase in 
cardiac output. In addition to increasing contrac- 
tility, dobutamine may have favorable metabolic 
effects on ischemic myocardium. 

Dopexamine is a relatively newly developed syn- 
thetic catecholamine, structurally related to dopamine 
and dobutamine. The drug stimulates both dopamin- 
rergic and beta-receptors. An inhibitory action in the 
neuronal catecholamine uptake mechanism has also 
been demonstrated and may account for the positive 
inotropic action of this drug. Continuous infusion of 
dopexamine results in systemic and preferential renal 
vasodilation, causing afterload reduction, increases 
in cardiac output, and improved renal perfusion. 
Dopexamine reduces afterload through pronounced 
systemic arterial vasodilation, increased renal per- 
fusion by selective renal vasodilation, and cardiac 
stimulation through direct and indirect positive ino- 
tropic mechanisms. The increase in cardiac output 


Table 20.7. Choice of specific therapy. 


Inotropic agents 

Beta-receptor agonists 

Phosphodiesterase inhibitors 

Miscellaneous 

Dopamine 

Amrinone 

Digitalis preparations 

Dobutamine 

Milrinone 

Thyroid hormone 

Dopexamine 

Enoximone 

Calcium 

Epinephrine 



Isoproterenol 



Vasopressor agents 

Alpha-receptor agonists 

Arginine vasopressin 

Methylene blue 


Norepinephrine 
Phenylephrine 
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appears to occur predominantly as a result of an 
increase in heart rate, as stroke volume demonstrates 
only a minimal change. Dopexamine's physiologic 
effects are most pronounced when used as a continu- 
ous infusion of l^mcg/kg/min. 

Epinephrine stimulates both alpha- and beta- 
receptors in a dose-dependent fashion. The 
sympathoadrenal (endogenous) secretion of epine- 
phrine is critical to support cardiac contractility, 
exert tonic control of vascular beds, and modulate 
the body's "stress response." Epinephrine increases 
stroke volume and cardiac output in a dose-depend- 
ent fashion (10-40ng/kg/min). However, heart rate 
may also be increased to unacceptable levels. 

Isoproterenol is a potent beta-receptor agonist 
devoid of alpha-receptor agonist activity. Isoproterenol 
dilates skeletal, renal, and mesenteric vascular beds 
and decreases diastolic blood pressure. The drug's 
potent chronotropic action, combined with the poten- 
tial to decrease coronary perfusion pressure (via 
decreased diastolic blood pressure), may limit its 
usefulness in patients with coronary artery disease. 
Isoproterenol may be uniquely useful for stimula- 
tion of cardiac pacemaker cells in the management 
of acute bradyarrhythmias or heart block. It reduces 
refractoriness to conduction and increases automatic- 
ity in myocardial tissues. The tachycardia seen with 
isoproterenol is a result of both direct effects of the 
drug on the heart and reflex effects caused by periph- 
eral vasodilation. Additional application of isoprot- 
erenol has included management of right ventricular 
dysfunction associated with pulmonary hypertension. 
However, although isoproterenol is an excellent pul- 
monary vasodilator, decreases in perfusion pressure 
(particularly diastolic arterial pressure) may lead to 
right ventricular ischemia. 

Phosphodiesterase inhibitors are noncatecho- 
lamine and nonadrenergic agents. 13 Therefore, they 
do not rely upon beta-receptor stimulation for their 
positive inotropic activity. As a result, the clinical 
effectiveness of the phosphodiesterase inhibitors 
is not altered by previous beta-blockade nor is it 
reduced in patients who may experience beta-recep- 
tor down-regulation. Although the precise mecha- 
nism of action of the phosphodiesterase inhibitors 
has yet to be elucidated, the proposed theory of 
action involves the inhibition of type III phosphodi- 
esterase found predominantly in cardiac muscle. 
This inhibition results in a secondary increase in 
cyclic adenosine monophosphate (cAMP), which 
leads to an increase in calcium channel entry into 


the cell, accounting for the positive inotropic action. 
These agents also produce systemic and pulmonary 
vasodilation. As a result of this combination of 
hemodynamic effects (positive inotropic support 
and vasodilation), the term "inodilator" has been 
coined to describe this class of drugs. Because 
these agents exert their hemodynamic effects by a 
nonadrenergic mechanism of action, when used in 
combination with traditional beta-receptor agonists, 
phosphodiesterase inhibitors have been shown to 
result in an additive effect on myocardial perform- 
ance. Phosphodiesterase inhibitors decrease pulmo- 
nary vascular resistance by both a direct action on 
the pulmonary vasculature [increasing cyclic guano- 
sine monophosphate (cGMP)] and an indirect effect 
(increasing cardiac output, decreasing pulmonary 
artery occlusive pressure). 

Digitalis binds to a subunit of sodium potassium 
ATPase, producing complete inhibition of enzymatic 
and transport processes. Thus, intracellular sodium 
and calcium increase and intracellular potassium 
is lost. The elevated intracellular sodium increases 
the availability of calcium to the contractile pro- 
teins, increasing contractility. Increased intracellular 
calcium is associated with decreased intracellular 
pH, which increases inward sodium movement and 
outward hydrogen ion movement, further increas- 
ing intracellular sodium concentration and inotropy. 
Digitalis exerts its positive inotropic effect independ- 
ent of catecholamine liberation. Digitalis augments 
both force and velocity of myocardial contraction 
without raising cardiac output. Ventricular end- 
diastolic volume and end-diastolic pressure are 
decreased. The positive inotropic effects of digi- 
talis, however, are weak. The physiologic onset of 
action of digitalis occurs within 15-30 min follow- 
ing intravenous administration, with peak effects 
being obtained in 2-5 h. It must be kept in mind that 
the therapeutic plasma level "window" of digoxin 
is relatively narrow and substantial toxicity (heart 
block, enhanced automaticity) may occur. 

Thyroid hormone's effects on the cardiovascu- 
lar system are well established in clinical states 
of hyperthyroidism and hypothyroidism. Clinical 
studies suggest that a reduction in plasma thyroid 
hormone concentration may be associated with the 
decreased myocardial performance that occurs in 
certain clinical scenarios, such as that which occurs 
following exposure to cardiopulmonary bypass and 
in the setting of organ transplantation. However, 
the proper role that thyroid hormone supplementa- 
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tion plays in clinical treatment of hemodynamic 
instability remains to be determined. 

Calcium may antagonize the action of catecho- 
lamine activity, but does not alter the cardiotonic 
actions of phosphodiesterase inhibitors. Calcium 
influx during ischemia-reperfusion may increase 
oxygen consumption and contribute to diasto- 
lic dysfunction. However, calcium administration 
usually increases mean arterial pressure via an 
increase in systemic vascular resistance and may 
also improve right ventricular function. 

Magnesium has a key role in cellular energy 
transfer and use (involving adenosine triphosphate) 
and in cell membrane function. It is widely used 
as an adjunct for the treatment of arrhythmias fol- 
lowing myocardial infarction. Magnesium may 
influence hemodynamic performance through its 
modulation of vascular tone, intracellular calcium, 
catecholamine activity, and adenosine triphosphate 
metabolism. The potential for magnesium defi- 
ciency to affect cardiovascular performance may 
be particularly relevant in the presence of ischemia, 
and there are reports of a potential role for magne- 
sium in enhancing hemodynamic performance in 
ventricular dysfunction following cardiac surgery. 

Norepinephrine stimulates both alpha- and beta- 
receptors in a dose-dependent fashion. Norepine- 
phrine, after a long period of disfavor, is experiencing a 
renewed popularity for management of hemodynamic 
instability. When used appropriately, norepinephrine 
increases blood pressure, increases stroke volume, 
increases cardiac output, and increases urine output. 

Phenylephrine is a potent alpha-receptor agonist 
devoid of beta-receptor agonist activity. Thus, the 
physiologic effect of phenylephrine administration 
is an increase in systemic vascular resistance, with 
no effects as myocardial contractility. 

Arginine vasopressin is an endogenous peptide 
synthesized exclusively in the hypothalamus and 
released from the posterior pituitary. Traditionally, 
arginine vasopressin release is stimulated by changes 
in vascular volume and vascular tone. Vasopressin 
is bound by two distinct types of receptors: renal 
(V2) and vasomotor (VI). Although under normal 
conditions, arginine vasopressin contributes little, if 
any, to blood pressure maintenance, investigations 
have shown the ability of arginine vasopressin to 
be helpful in the management of certain refractory 
vasodilatory states. 14,15 In a syndrome known as 
postconditioning vasodilatory shock (characterized 
by catecholamine resistance, low systemic vascular 


resistance despite norepinephrine administration), 
administration of arginine vasopressin is effective in 
restoring hemodynamic stability. Numerous investi- 
gators have explored the role of arginine vasopressin 
administration in the management of vasodilatory 
states in septic shock and following cardiopulmonary 
bypass. Although the precise mechanisms responsible 
for this vasodilatory state are unknown, patients expe- 
riencing such vasodilatory states are characterized by 
a significant reduction in circulating vasopressin. In 
these patients, infusion of arginine vasopressin in the 
range of 2-8 units/hour results in significant hemody- 
namic improvements. Increases in the infusion above 
8 units/hour provide little added effect. 

Recently, several case reports have been 
described in the literature in which the guanylate 
cyclase inhibitor methylene blue was successfully 
administered intravenously to reverse norepine- 
phrine-resistant vasoplegia after cardiopulmonary 
bypass. 16 The favorable effect of methylene blue 
in this scenario suggests refractory vasoplegia may 
reflect a dysregulation of nitric oxide synthesis and 
vascular smooth muscle cell guanylate cyclase acti- 
vation. The available data have been obtained from 
anecdotal case reports only and the effect of meth- 
ylene blue has not been examined in larger cohorts. 
Methylene blue has also been used to effectively 
treat patients with septic shock and low periph- 
eral vascular resistance. A few adverse effects of 
methylene blue in the treatment of norepinephrine- 
refractory vasoplegia have been described, such 
as cardiac arrhythmias, coronary vasoconstriction, 
decreases in cardiac output, renal blood flow, and 
mesenteric blood flow, increases in pulmonary vas- 
cular pressure and resistance, and deterioration in 
gas exchange. However, most of these side effects 
are dose-dependent and do not occur when the dose 
of methylene blue is not greater than 2 mg/kg. 

20.3.4. Assessment of Therapy 

Assessment of therapy entails contemplation of the 
same physiologic parameters (heart rate/rhythm, 
preload, myocardial contractility, and systemic 
vascular resistance) that were assessed during the 
initial period of hemodynamic instability. This will 
involve reassessment of blood pressure, heart rate/ 
rhythm, level of mental status (if applicable), urine 
output, central venous pressure, information from a 
pulmonary artery catheter, and/or information from 
some form of echocardiography. 
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20.4. Conclusions 

The successful perioperative anesthetic manage- 
ment of patients with heart failure is complex and 
challenging. In order to ensure acceptable postop- 
erative outcome, a true team approach is required 
by the surgeon, anesthesiologist, perfusionist, and 
nursing staff. Anesthesiologists managing these 
patients need to have extensive knowledge regard- 
ing cardiovascular physiology and pharmacology, 
physiologic effects of anesthetic drugs and tech- 
niques on the cardiovascular system, and rational 
assessment/pharmacologic treatment of hemody- 
namic instability. Most times, no specific drug or 
technique is truly indicated. Identified goals (anal- 
gesia, amnesia, muscle relaxation) can be safely 
attained in many ways. In the current era, anesthe- 
siologists managing these extremely sick individu- 
als should possess appropriate skills regarding the 
use of transesophageal echocardiography, which 
simplifies hemodynamic instability assessment and 
may influence surgical management. Once again, 
identified goals (optimize preload, optimize myo- 
cardial contractility, optimize afterload) can be 
safely attained in many ways. Thus, there is much 
"art" (which requires extensive clinical experience) 
to the successful perioperative anesthetic manage- 
ment of patients with heart failure. 

Key Points to Remember 
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- Success in surgery for heart failure owes a lot 
to the team approach. The cardiac anesthesi- 
ologist is a very key part of the team. 

- Good communication between the surgeon, 
anesthesiologist, perfusionist, nurse, etc. is 
critical to successful operative outcomes. 

- Extensive hemodynamic monitoring which 
includes arterial lines, pulmonary artery cath- 
eters, trans-esophageal echocardiography have 
dramatically improved the methods by which 
cardiac function is evaluated during surgery. 

- Anesthetic techniques utilize drugs that mini- 
mize cardiac and circulatory dysfunction. 

- The choice, titration and use of inotropes or 
drugs to support the heart are also made with 
careful ongoing monitoring of cardiac function. 
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21.1. Introduction 

The nonsurgical component of the care of adult 
patients with cardiac failure undergoing cardiac 
surgery is probably at least as important to their 
outcome as the surgery itself. 

This component of patient care includes four 
major aspects: 

1 . The medical management of their cardiac failure 

2. The anesthetic management of the patient during 
the operation 

3. The management of the cardiopulmonary bypass 
(CPB) aspect of the operation 

4. The perioperative management of the patient 

The perioperative management of these patients is 
most complex in the acute phase, either when the 
patient presents critically ill and requires an urgent 
operation, or immediately after the operation has 
been completed and the patient has been admitted 
to the intensive care unit (ICU). This chapter will 
focus mostly on the aspects of perioperative care 
which relate to the acute phase or the subacute 
phase, while the patient remains critically ill, but 
will also discuss other general principles of 
management as they relate to fluid therapy, renal 
support, and important aspects of the general care 
of the cardiac surgery patient with heart failure. 

21.2. The Preoperative Period 

Patients with heart failure (acute or chronic) come 
to cardiac surgery through several pathways: (1) 
The outpatient setting; (2) The ward in-patient 


setting; (3) The coronary care unit (CCU); (4) 
The ICU; and, uncommonly, (5) the emergency 
department (ED). 

Those patients coming from the outpatient 
setting (patient source 1) usually have the opportu- 
nity to be prepared for surgery in a deliberate and 
planned fashion. Such planning for surgery should 
allow the cardiologist, the anesthesiologist, and the 
cardiac surgeon to consider several aspects of care 
(Table 21.1). These aspects of care should of course 
be considered for each patient. However, the time 
frame available for their assessment or the actual 
ability to obtain such information or manipulate 
such aspects of patient care is markedly affected 
by the presence of an acute situation (patient from 
source 2-5). In urgent situations, decisions have to 
be made in a hurry and in the absence of a com- 
prehensive, measured discussion with patient or 
family that gives them sufficient time to consider 
further care over weeks or months. 

When the patient comes to surgery from the 
CCU, ICU, or ED, by definition, there must have 
been a sudden change that requires prompt sur- 
gical intervention. Such change may stem from 
ischemia, ischemia with aggravation of heart failure, 
worsening of valve function, decompensation of 
myocardial function, endocarditis, valve rupture, 
and so on. The treatment must, of course, include 
(1) Stabilization of the physiological state in order 
to ensure patient safety, (2) Simultaneous man- 
agement of the exacerbating condition, and (3) 
Carefully timed surgical intervention. 

No randomized controlled trials exist to specify 
a particular pathway of management for all conditions. 
Each must be dealt with using the specific knowledge 
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Table 21.1. Issue to be considered prior to elective 
surgery for cardiac failure. 

1. General issues 

Medical history: Previous problems with anesthesia including 
allergies and current medications; presence of conditions that 
might affect surgical risk (chronic lung disease, renal disease, 
liver disease, arrhythmias, hematological disorders, diffuse 
vascular disease, diabetes, early dementia etc.) 

Examination: Stigmata of other important medical conditions 
(see above) 

Biochemistry and general tests: Full blood examination, renal 
and liver biochemistry, group and cross-match of blood, 
urinalysis, chest X-ray, electrocardiogram, and, in selected 
patients, pulmonary function tests and arterial blood gases. 

2. Specific issues 

Recent use of anticoagulants 
Recent use of antiplatelet agents 
Current control of heart failure symptoms 
Optimization of cardiac failure control with medications 
Absence of any currently active infection 

3. Cardiological issues 

Availability and review of all appropriate imaging 
modalities 

Careful assessment of risk/benefit ratio for the decision 
to operate 

Need to modify medications before surgery (stop 
clopidogrel or aspirin or warfarin) 

4. Surgical issues 

Quality of leg veins as conduits 

Suitability of radial arteries as conduits 

If redo surgery, suitable information of previous operation 

Planning of correct approach for a given patient (off-pump 

vs. on-pump, number of grafts, type of valve surgery, 

cardioplegic strategy, etc.) 


which applies to it. Thus, a given patient may just 
require antibiotics and optimization of cardiac failure 
medications, while another will require intubation, 
mechanical ventilation, inotropic support, intra- 
aortic baloon counterpulsation, continuous hemoftl- 
tration, and even extracorporeal membrane oxygenation 
(ECMO) or the use of a ventricular assist device. 

In fact, the principles which apply to this period 
are the same that apply to postoperative care and 
will be described in detail later in this chapter. 

21.3. The Immediate 
Postoperative Period 

The most important single predictor of a safe post- 
operative period is the successful execution of a 
well-planned and correctly applied operation. 


However, even when this is done, patients with 
heart failure require very careful and skilled medical 
management. If the operation is ill-conceived 
or ill-executed, or the patient is extremely ill 
even before surgery, the patient will experience 
life-threatening problems that sometimes require 
extraordinary feats of technology and great team- 
work to achieve survival and recovery. 

21.3.1. Monitoring and Inotropic Drugs 

A patient with heart failure undergoing surgery with 
CPB will inevitably experience a decrease in 
myocardial contractility, which, combined with the 
preoperative state of heart failure, typically mandates 
the use of inotropic drugs. This decrease in contrac- 
tility is mediated by complex mechanisms 12 and 
typically results in a progressive decrease in contrac- 
tility with a nadir in function between 8 and 24 h after 
cardioplegia, depending on the duration of CPB. 

Accordingly, almost all of these patients require 
inotropic support. Although, no randomized controlled 
trials exist, in the opinion of the authors it is gener- 
ally best to monitor cardiac output (CO) in cardiac 
surgery patients, and it is vital to do so in those who 
have surgery in the context of impaired preoperative 
myocardial function (heart failure patients). 

Monitoring of CO allows physicians to either 
prevent or rapidly detect and treat a low cardiac output 
state (LCOS). Such treatment initially requires a 
judicious combination of three components: (1) 
Inotropic drugs; (2) Fluids; (3) Control of heart 
rhythm and rate (pacing). 

There are two major classes of inotropic drugs 
that can be used in patients with cardiac surgery 
in the setting of heart failure and/or an LCOS: cat- 
echolamines and phosphodiesterase III inhibitors 
(PDEIs) 3 " 13 (Table 21.2). More recently, they have 
been joined by a new class of agents called calcium 
sensitizers. 14 However, experience with these new 
inotropic agents in cardiac surgery is limited. 15 
These agents have different properties (Table 21.2) 
and have never been compared in suitably pow- 
ered randomized controlled trials of heart failure 
patients to test whether the use of one or the other 
results in better clinical outcomes. Accordingly, 
they are typically used according to local (institu- 
tion) and individual (physician) preferences. In 
addition, there is no consensus definition of what 
constitutes the goal of inotropic therapy. In general, 
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Table 21.2. Inotropic drugs. 

Agent 

Significant features 

Epinephrine 

Increases cardiac index (CI) with biphasic 


enect on SVRI. Produces nse in serum 


lactate. 

Dopamine 

Increased SVRI at doses above 5.0pg/ 


kg/min. Less clinical efficacy than 


dobutamine, dopexamine, amrinone, 


or enoximone. Increased incidence of 


adverse cardiac events than dopexamine. 

Dobutamine 

Better efficacy than dopamine and 


epinephrine. Decreases systemic 


vascular resistance index (SVRI). 


Tachycardia and tachyarrythmia 


(especially AF), more common. 

Dopexamine 

Greater tachycardia than dobutamine. 


More efficacious and less adverse 


events than dopamine. 

Amrinone 

Improved weaning from CPB. Improves 


CI and decreases SVRI with minimal 


effects on HR. Reports of thrombocy- 


topenia associated with use. 

Enoximone 

Significant increase in CI without 


tachycardia. Decreases SVRI. As 


(^TTf^/^ri H nni '\t 4 ~\ m inp 
CllCV^LlVC d.3 LIUUULcLliilllC 

Milrinone 

Significant increase in CI without 


tachycardia. Decreases SVRI. As 


effective as dobutamine, but less AF. 


Lusitropic. Improves graft flow. As 


effective as 20ppm of inhaled nitric 


oxide in pulmonary hypertension. 


AF atrial fibrillation, CPB cardiopulmonary bypass, HR heart rate. 


however, inotropic agents are administered to deal 
with an LCOS in order to either prevent it or return 
cardiac output (CO) to adequate levels to ensure 
sufficient oxygen delivery to tissues. 

No definition of what a LCOS is currently exists. 
However, it would be reasonable to define it as any 
LCOS (cardiac index of less than 2.4L/min/m 2 is 
used as a criterion in some studies) with evidence 
of organ dysfunction (e.g., a persistently elevated 
lactate or a urine output persistently less than 
0.5 ml/h for more than 1 h). 

Such LCOS can continue for several hours to 
days, despite optimization of volume status, tem- 
porary pacing, exclusion of mechanical factors (e.g., 
cardiac tamponade), and mechanical assistance with 
intra-aortic balloon counter pulsation (IABP). 
Causes for the LCOS are multifactorial, includ- 
ing myocardial ischemia during cross-clamping, 
reperfusion injury, cardioplegia-induced myocar- 
dial dysfunction, activation of inflammatory and 


coagulation cascades, and unreversed preexisting 
cardiac disease. LCOS can result in reduced 
oxygen delivery to vital organs. Such end-organ 
ischemia will lead to multiorgan failure. Initial 
organ dysfunction and multiple organ failure are 
among the main causes of prolonged hospital stay 
after cardiac surgery and they increase resource 
use and healthcare costs as well as morbidity and 
mortality. Optimization of cardiac output and 
oxygen delivery may, therefore, decrease mor- 
bidity and reduce length of stay and remains the 
cornerstone of hemodynamic management. 

It must be emphasized here that a particular value 
for the cardiac index must always be interpreted 
within the clinical context. A cardiac index of 1.8 L/ 
min/m 2 may be perfectly adequate in a patient with a 
normal lactate, a urine output of 1 ml/kg/h and a core 
temperature of 35.5 °C immediately after transfer 
to the ICU. In such a patient, hypothermia is likely 
mostly responsible for decreased metabolic demand 
and the low value of the cardiac index. Nonetheless, 
in all patients the cause for the low cardiac index 
must be diligently sought and dealt with. In particu- 
lar, one must always be vigilant about the possibility 
of tamponade, pneumothorax, or other mechanical 
factors that impede cardiac output. Their diagno- 
sis may require a high index of suspicion, regular 
patient examination and review, and the prompt use 
of chest X-rays and echocardiography. 

The use of inotropic drugs is often insufficient 
to restore cardiac output if the patient's heart rate 
(HR) is not optimized. Patients with cardiac failure 
who have been on beta-blockers until the time of 
surgery will often be bradycardic postoperatively 
and will have a LCOS unless the rate is optimized. 
This is because CO = stroke volume (SV) x HR. 

In these patients, even with inotropic drugs and 
optimal fluid therapy, SV can only be partially 
increased; therefore optimal HR is vital. This opti- 
mization is best achieved by epicardial pacing of 
the atria in order to maintain atrial contractility. 
If the patient has chronic atrial fibrillation (AF), 
ventricular pacing is necessary to maintain an 
adequate rate. The importance of pacing in the 
postoperative period in patients with preoperative 
heart failure cannot be overemphasized. Pacing not 
only provides the ability to optimizeHR but also 
allows the prompt and safe treatment of tachyar- 
rhythmias-like AF, which commonly occurs after 
cardiac surgery in these patients. In particular, the 
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availability of pacing makes the use of intravenous 
amiodarone extremely safe. 16 

Fluid therapy is a source of incessant controversy 
in the postoperative period because of the lack of 
randomized controlled trials. Such controversy 
also arises from the need to individualize care and 
to change such individualized care dynamically 
and frequently as the patient's hemodynamic state 
changes over hours and sometimes days following 
surgery. 17 However, some comments are in order. 

First, there is insufficient evidence that a par- 
ticular kind of fluid is better than another. A recent 
large randomized controlled trial in critically ill 
patients showed no difference in overall outcome 
between patients treated with saline compared to 
patients treated with albumin. 18 Accordingly, both 
colloids and crystalloids are theoretically accept- 
able choices. However, there is widespread concern 
about inducing fluid overload states and about 
the capillary leak state that most cardiac surgery 
patients experience after CPB. Therefore, most 
of the fluid literature for cardiac surgery patients 
appears to preferentially report the use of colloid 
preparations. These typically include either natural 
colloids such as albumin or artificial colloid solu- 
tions such as starch and gelatin preparations. 19 

Second, there is always controversy about 
"adequacy of filling" in these patients (i.e., what 
optimal left or right ventricular end-diastolic volume 
might be in a given patient at a given time). This is 
also due to the lack of randomized controlled trials 
and the dynamic nature of all measurements and 
physiological states. To this controversy, further 
uncertainty is added by the fact that myocardial 
filling cannot be reliably assessed by currently 
applied forms of hemodynamic monitoring. 20 In 
particular, standard pulmonary artery technology 
measures pressures, not volumes. The relationship 
between pulmonary artery catheter derived pres- 
sures and end-diastolic filling volumes is highly 
unpredictable. 20 New technologies are being 
applied beyond the traditional pulmonary artery 
catheter such as pulse contour cardiac output 
analysis by transpulmonary thermodilution 21 and 
transesophageal echocardiography. 22 Their useful- 
ness in the ICU and ability to deliver superior 
outcomes remain unknown. In the opinion of 
the authors, echocardiography and thermodilution 
technology are complementary and should be used 
in unison and together with clinical and laboratory 


assessment of the patient's condition to help guide 
hemodynamic management. Importantly, however, 
and irrespective of echocardiographic findings if 
a fluid challenge (250 ml of IV colloid bolus over 
10-15 min in an adult patient) fails to increase CO 
by >10% (the general limit of error for CO measure- 
ments), then the patient is in the flat portion of the 
filling volume-cardiac output relationship curve. 
Further administration of fluid will not benefit such 
patients and will potentially induce chamber dilata- 
tion, decreased endocardial perfusion, pulmonary 
edema, myocardial edema, and vital organ edema. 
Thus, it should be avoided. Particularly seductive 
and misleading is the appearance of an "under- 
filled" left ventricle on echocardiography in the 
setting of right ventricular dysfunction with an 
already enlarged right ventricle and a high right 
atrial pressure (>15mmHg). Further filling will 
predictably result in the following: no change in 
left ventricular filling, septal movement into the left 
cavity with decreased left ventricular compliance, 
further right ventricular dilatation, right ventricular 
endocardial ischemia, increased back pressure in 
the liver, liver cell ischemia, and no change or even 
a decrease in cardiac output. In this setting, the 
correct treatment is the use of inotropic support, 
pulmonary vasodilatation with nitric oxide, and, if 
these measures appear insufficient, institution of 
mechanical support. 

21.3.2. Vasopressor Drugs 

Hypotension is relatively common after cardiac 
surgery. While a degree of hypotension may be 
clinically unimportant, a low mean arterial blood 
pressure (MAP < 70mmHg) may be undesirable 
in some patients (carotid artery disease, renovas- 
cular disease) and, in general, should be preven- 
ted or treated. A very low blood pressure (MAP 
< 60mmHg or diastolic BP < 40mmHg) frequently 
causes renal dysfunction, threatens the adequacy 
of liver perfusion, and may induce inadequate 
coronary blood flow with subendocardial ischemia 
in the setting of high pulmonary artery occlusion 
pressures (PAOP). In particular, if the diastolic 
BP is 40mmHg and the PAOP (a surrogate for left 
ventricular end diastolic pressure) is 25mmHg, 
coronary perfusion pressure for the left ventricle 
would be 15mmHg. This value would be <25% 
of normal and would reduce coronary blood flow 
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dramatically, especially in a hypertrophic ventri- 
cle. 23 The same is true for liver blood flow in the 
setting of an LCOS, right ventricular dysfunction, 
and an elevated central venous pressure. 24 

The pathogenesis of hypotension after cardiac 
surgery in heart failure patients is typically com- 
plex and may involve a variety of factors either 
alone or in combination (Table 21.3). All should 
be considered and either excluded or identified by 
means of prompt clinical, radiological, hematologi- 
cal, and hemodynamic assessment. 

If the patient has an adequate or even high 
cardiac output and all other factors have been 
excluded, then one is dealing with an "inflam- 
matory vasodilatory state" or so-called "post- 
CPB vasoplegia." 25 In these patients, if the blood 
pressure is too low, the use of vasopressor drugs 
becomes necessary. There are several vasopressor 
agents that can be used for this purpose (nore- 
pinephrine, phenylephrine, vasopressin). The agent 
for which there is greater experience is norepine- 
phrine. Despite concerns over its adverse effects 
on renal and mesenteric blood flow, most of the 
available data indicate this agent is efficacious and 
safe under these circumstances, 26 particularly from 
the renal functional point of view (Figure 21.1). 

In some patients with preoperative sepsis (e.g., 
endocarditis), the vasodilatory state can be dramatic 
and may require the addition of vasopressin. 27 

Assuming that external mechanical factors have 
been corrected, the approach to the hemodynamic 
management of these patients can be summarized 
in a flowchart (Table 21.4). 


Table 21.3. Factors potentially responsible for hypotension 
after cardiac surgery in heart failure patients. 

Low cardiac output syndrome 

Relative or absolute hypovolemia 

Bleeding 

Tamponade 

Pneumothorax 

Inflammatory response to CPB 
Fever 

Drugs used for sedation 

Use of inodilators (PDEIs) 

Residual effect of preoperative ACE inhibitors 

Patient-ventilator dyssynchrony 

CPB cardiopulmonary bypass, PDEIs phosphodiesterase III 
inhibitors, ACE angiotensin-converting enzyme. 


21.3.3. Mechanical Support 

Some patients with heart failure have severe car- 
diac functional impairment after surgery. Despite 
the use of inotropic agents, optimization of fluid 
therapy, optimization of pacing, and the addition 
of vasopressor drugs to restore adequate vital organ 
perfusion pressure and nitric oxide to decrease pul- 
monary vascular resistance, some of these patients 
continue to have either an LCOS, hypotension, or 
both. In these patients, mechanical support should 
be rapidly considered and implemented. 

Broadly speaking, the first line of support is the 
implementation of IABP. The addition of IABP can 
sometimes bring about sufficient improvement in 
hemodynamics and no further mechanical support is 
needed. However, in general the benefits of IABP in 
these patients are modest and if there are continuing 
signs of LCOS, 28 the treating team should rapidly 
move to more advanced mechanical support, which 
(depending on the situation, availability, and local 
expertise) may be in the form of a ventricular assist 
device, or a total artificial heart device, or the insti- 
tution of ECMO. 29 Such mechanical devices add 
another layer of complexity to the management of the 
patients. The care of such patients requires considera- 
tion of a myriad of issues, 29 which cannot be discussed 
in a general chapter. Nonetheless, it is important to 
note that almost all of these patients have acute renal 
failure and requirements for very tight fluid control, 
especially because the administration of large amounts 
of blood and blood products is relatively common. As 
will be discussed in detail later in the chapter, the use 
of hemofiltration in these patients both during and par- 
ticularly after surgery offers important physiological 
advantages (further discussion follows). 30,31 

21.3.4. Nonhemodynamic Issues 

Beyond the dominant hemodynamic issues, these 
patients share several other unique features. One such 
feature is the risk of postoperative bleeding. 32 Although 
a variety of steps are typically taken in the OR to pre- 
vent this complication, some patients continue to have 
large mediastinal drainage postoperatively. In these 
patients, several steps should be promptly considered: 

1. Measurement of international normalized ratio 
(INR), fibrinogen, and activated partial throbo- 
plastin time (APTT) 

2. Empiric administration of protamine 
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Figure 21.1. Comparison of changes in renal function between two groups of patients after cardiac surgery: one 
treated with norepinephrine, the other without. 


Table 21.4. Criteria for initiation of CRRT in the cardiot- 
horacic ICU. 80 

Oliguria (urine output < 200ml/12h) 
Anuria/extreme oliguria (urine output < 50ml/12h) 
Hyperkalemia (serum K + > 6.5 mEq/L) 
Severe metabolic acidosis (with pH < 7.1 or base excess 

< -8 mEq/L) 
Azotemia ([urea] > 30mmol/L) 
Major vital organ edema 
Suspected uremic encephalopathy 
Suspected uremic pericarditis 
Suspected uremic neuropathy/myopathy 
Severe dysnatremia ([Na + ] >160 or < 115mEq/L) 
Hyperthermia (temperature >40°C) 

Need for massive administration of blood and blood products 
Cardiogenic shock requiring mechanical support 

CRRT continuous renal replacement therapy, ICU intensive 
care unit. 


3. Empiric administration of platelets 

4. Empiric administration of an antifibrinolytic 
agent 

5. Empiric administration of fresh frozen plasma 

6. Empiric administration of cryoprecipitate 

The patient should promptly return to the OR for 
surgical intervention if mediastinal drainage con- 
tinues at a high rate (e.g., >200ml/h) despite an 
aggressive response with platelet administration 
and near normalization of INR, APTT, and fibrino- 
gen levels, and/or there is suspicion of tamponade 
or evidence of an accumulating hemothorax. 

Another common and unique feature of heart 
failure patients having cardiac surgery is their high 
likelihood of developing AF. This is an undesirable 
complication because it removes the atrial contri- 
bution to left ventricular filling in patients who 


tend to have diastolic dysfunction. Furthermore, 
if the ventricular response rate is too fast, such 
ventricular filling will be further impaired by the 
decreased filling time. Accordingly, it is desirable 
to prevent AF. Although meta-analysis shows that 
beta-blockers may reduce the risk of postoperative 
AF, 33 their use in patients with poor left ventricular 
function on inotropic agents is fraught with dan- 
ger. On the other hand, prophylactic magnesium 
supplementation is exceedingly safe. A meta- 
analysis of 17 trials using magnesium prophylaxis 
after cardiac surgery showed a significant 23% 
reduction in the incidence of supraventricular 
arrhythmias. 34 Amiodarone is another effective 
agent which is safer than beta-blockers in these 
patients. This agent has been repeatedly shown to 
be effective when given prophylactically, as well 
as for treatment of new-onset AF. 16 As this agent 
typically induces a degree of bradycardia, it is at 
its safest when coupled with the presence of epi- 
cardial pacing. Amiodarone also remains an ideal 
agent for the treatment of essentially all arrhyth- 
mias in the postoperative period. Normalization 
of potassium levels and administration of sup- 
plemental magnesium are, in our opinion, vital 
ancillary measures in these patients. Avoidance 
of low-dose dopamine use, as discussed below, 
may also decrease the incidence of perioperative 
supraventricular arrhythmias. 35,36 

In many other ways, however, cardiac surgery 
patients with heart failure are similar to critically 
ill patients with other disorders. First, they require 
postoperative mechanical ventilation. In most cases 
such ventilation is straightforward and executed 
along conventional lines. However, in patients with 
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VAD = ventricular assist device; TAH = total artificial heart 


Figure 21.2. Flow diagram illustrating the principles and steps for a logical approach to hemodynamic management 
after cardiac surgery. 
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comorbidities such chronic obstructive pulmonary 
disease (COPD), suppurative lung disease, or asthma, 
such ventilation may require specific adjustments. 
In patients with known right ventricular dysfunc- 
tion and/or pulmonary hypertension, hypercarbia and 
acidemia should be prevented or rapidly treated by 
means of adjusted minute ventilation, because they 
increase pulmonary vascular resistance and may 
exacerbate right ventricular failure. 

Derangements of acid-base status are frequently 
observed in patients after cardiac surgery. Their 
pathogenesis is complex 37 ; however, the most 
common and important disorder is nonanion 
gap acidosis which is secondary to the effect of the 
pump prime fluid on the strong ion difference. 38 ^ 0 
Such acidosis slowly resolves over the first 12-24 h, 
provided no further chloride-rich fluids are given. 
It is wise, however, to monitor blood lactate levels 
on a regular basis, as they are often an early indicator 
of clinical deterioration. 

Many of these patients develop hyperglycemia. A 
recent single-center randomized controlled trial, 41 
which contained close to 500 cardiac surgery 
patients in each arm, showed that the maintenance 
of normoglycemia may reduce morbidity and mor- 
tality in critically ill patients. Although these findings 
need to be confirmed in a multicenter setting, it 
appears desirable to pursue tight glycemic control 
after cardiac surgery in general and particularly in 
more complex patients who are likely to have a 
prolonged ICU and hospital stay. 

Infection, especially pulmonary infection, 
remains an important source of morbidity in these 
patients and should be considered in the presence 
of any change in patient status, temperature, or 
leukocyte count. Although protection from chest 
infection is typically promoted by the application 
of breathing exercises and physiotherapy, no evi- 
dence of clinical benefit could be demonstrated 
in a recent randomized controlled trial. 42 Central 
venous lines or other invasive devices should be 
removed as soon as possible, to prevent line-related 
sepsis. Finally, other general measures of patient 
care should routinely be attended to, including 
pressure sore prevention, administration of prophy- 
lactic gastric acid suppression therapy, the early 
introduction of deep venous thrombosis prevention, 
and, in the majority of cases, the administration of 
aspirin within the first 48 h. Finally, although many 
patients are able to rapidly resume oral intake after 


surgery, a significant proportion of patients cannot 
do so. In such patients, rapid implementation of 
enteral nutrition is considered important. If gas- 
troparesis is present, the use of nasojejunal feeding 
may become necessary. 43 

Last, but not the least, pain relief requires careful 
attention because pain may inhibit coughing and 
promote chest infection, and because it can trigger 
patient anxiety, discomfort, and distress and induce 
significant deleterious hemodynamic changes. Pain 
control requires the use of judicious combination 
of approaches from the administration of intrave- 
nous narcotics (either under medical direction, or 
preferably in the form of patient-controlled anal- 
gesia), the strict use of acetaminophen, the adjunc- 
tive use of nonsteroidal anti-inflammatory drugs 
in selected patients, the use of low-dose ketamine 
infusion, and in some cases the use of thoracic 
epidural analgesia. 

As the use of narcotics frequently induces nausea 
and vomiting, prophylactic or prompt patient- 
responsive antiemetic treatment is also important. 

21.4. Perioperative Renal 
Dysfunction, Fluid Management, 
and Renal Support 

21.4.1. Impact of Acute Kidney Injury on 
Outcomes after Cardiac Surgery 

Renal dysfunction commonly complicates the 
perioperative management of cardiac surgery 
patients, particularly in patients with preexisting 
congestive heart failure and renal insufficiency. 
It is increasingly recognized that development of 
acute kidney injury (AKI) following cardiac sur- 
gery portends a poor outcome, so that prevention 
and aggressive management of this complication 
are important components of perioperative care in 
high-risk patients. AKI is common following cardiac 
surgery, occurring in 7.7% 44 -42% 45 of patients 
with previously normal renal function, depending 
on the definition of AKI used. Even small incre- 
ments in serum creatinine have been shown to be 
associated with increased mortality after cardiac 
surgery and other insults. 45-51 There is emerg- 
ing evidence that any change in serum creatinine 
may have important prognostic value postcardiac 
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surgery, including increases barely beyond the 
limits of assay variability, and even postoperative 
decrements (perhaps associated with hemodilution 
in patients with shock). 47 Specifically, postop- 
erative serum creatinine increments of 20-25% are 
associated with mortality increases from 0-1% to 
12-14%, 4849 and even increments of 0. 1-0.3 mg/ 
dL are associated with significant increased mortality. 47 
Nonetheless, severity of renal dysfunction, and in 
particular the requirement of dialysis, has major 
additional prognostic significance. Mangano and 
colleagues found that patients developing severe 
AKI after cardiac surgery had greatly increased 
in-hospital mortality (63%) compared to those 
with nondialyzed AKI (19%) or stable renal func- 
tion iO.9%). 44 Similarly, in another large study 
Chertow and colleagues found that the mortality 
in patients with AKI after cardiac surgery was 
far higher in those who were dialyzed (63.7%) 
than in those who were not (4. 3%). 46 A study of 
2,672 patients who required coronary artery bypass 
surgery (CABG) showed an incidence of postop- 
erative AKI of 8% with a mortality rate of 14%. 51 
There was a 0.7% incidence of postoperative AKI 
that required dialysis, with a twofold higher mor- 
tality rate of 28%. In contrast, the mortality rate of 
patients without AKI was only 1.8%. Recent data 
also suggest that postoperative AKI is associated 
with an increased risk of perioperative infection, 
further complicating the postoperative course and 
increasing mortality. 52 

21.4.2. AKI Risk Factors and Risk 
Stratification 

A variety of patient characteristics (chronic kidney 
disease, CKD; advanced age; diabetes mellitus; 
congestive heart failure), operative factors (emer- 
gent surgery, prolonged CPB time, valvular sur- 
gery, repeat CABG), and postoperative events 
(vasodilatory or cardiogenic shock, bleeding) are 
known to increase the risk of AKI following 
cardiac surgery. 44 ' 46,51 The major preoperative/ 
patient risk factors for perioperative AKI include 
CKD, which is increasingly prevalent among those 
requiring cardiac surgery. The incidence of severe 
AKI requiring postoperative renal replacement 
therapy (RRT) after cardiac surgery is three- to 
sixfold higher in patients with prior CKD 46 In 
a multicenter prospective observational study of 


2,222 patients in 24 university hospitals, preop- 
erative factors which predict postoperative renal 
failure were age older than 70, congestive heart 
failure, previous myocardial revascularization, type 
I diabetes mellitus, preoperative serum creatinine 
between 1.4 and 2mg/dL, preoperative glucose 
above 300mg/dL, and CPB for more than 3h. 44 In 
a cohort study of 43,642 patients in 43 Veterans 
Affairs medical centers who underwent CABG 
or valvular surgery, the risk factors for periopera- 
tive AKI were poor cardiac performance (ejection 
fraction < 35%, NYHA class IV heart failure, and 
pulmonary rales), peripheral vascular disease, and 
reduced renal function. 46 Most recently, Thakar 
and colleagues at the Cleveland Clinic developed 
and validated a new score for the prediction 
of AKI requiring dialysis postcardiac surgery. 53 
Among 13 possible AKI score categories, all were 
assigned 1-2 points from a maximum total of 17, 
except for preoperative serum creatinine level of > 
2.1 mg/dL, which was assigned 5 points. It is clear 
that preoperative renal insufficiency is the major 
patient risk factor for severe AKI following cardiac 
surgery. Among operative risk factors, emergent 
surgery, prolonged CPB time, and type of surgical 
procedure (valve + CABG > valve or redo CABG > 
first-time CABG) have the greatest impact on AKI 
risk. It remains unclear if avoidance of CPB with 
off -pump CABG (OPCAB) reduces the risk of AKI, 
perhaps because perioperative renal hypoperfusion 
still occurs during this procedure, and may even be 
more severe without the hemodynamic support of 
bypass. 54 Finally, patients with postoperative low- 
cardiac output syndrome, vasodilatory shock, 55 and 
bleeding are highest risk for postoperative AKI. 

21.4.3. AKI Prevention 
and Pharmacotherapy 

Although preoperative identification of patients at 
high risk of AKI is possible, there are no proven 
interventions to prevent AKI following cardiac 
surgery. 56 Efforts to provide effective prophylaxis 
against AKI in high-risk patients undergoing cardiac 
surgery (and in other settings) have been hampered 
by the lack of a standard definition of AKI, by the 
inadequate sample size in prophylaxis trials that 
include subjects at low risk of perioperative AKI, 
and by the lack of early markers of acute renal 
injury to guide targeting of early interventions. 
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Careful monitoring of renal function, appropriate 
use of fluids, vasoactive drugs, and diuretics to 
optimize renal function, avoidance of nephrotoxins, 
and appropriate use of RRT are critical approaches 
to minimize any potential adverse impact of peri- 
operative renal dysfunction on outcomes. 

There are some precise experimental data exam- 
ining the role of perfusion pressure in the pathogen- 
esis of renal dysfunction in CPB patients. Animal 
studies support the concept that renal blood flow 
(RBF) during CPB is dependent on renal perfusion 
pressure, 57 suggesting loss of autoregulation, but 
pressor-induced increased MAP does not augment 
renal perfusion if pump flow is low. 58 Similarly, 
small studies in on-pump CABG patients suggest 
that increasing MAP by augmenting pump flow 
or adding a pressor in the presence of normal 
flow increases renal perfusion, but pressor use is 
ineffective for this purpose when pump flow is 
low. 59,60 There has not been a trial of higher versus 
lower renal perfusion pressure for the prevention 
of perioperative AKI in CABG patients at risk, and 
this was not examined as an endpoint in a rand- 
omized trial that showed improved cardiovascular 
and neurologic outcomes with higher perfusion 
pressures. 61 It is possible that AKI incidence may 
be reduced by preservation of perfusion pressure 
during and after CPB, particularly in patients with 
preexisting hypertension, 62 but this hypothesis has 
not been tested by prospective, randomized trials. 

Studies of pharmacotherapies to prevent or treat 
AKI after cardiac surgery have generally been 
negative, or promising pilot study results have not 
been replicated or followed by subsequent defini- 
tive trials of adequate scale. In two randomized, 
placebo-controlled trials of a total of 204 patients 
with normal renal function undergoing elective 
cardiac surgery, the alpha-2 adrenergic agonist 
clonidine improved perioperative creatinine clear- 
ance, along with more hemodynamic stability 
and reduced surgical stress hormone response. 63,64 
There has been no subsequent trial to confirm these 
promising data. Most perioperative renoprotection 
trials have focused on renal-specific interventions, 
including a variety of diuretics and vasodilators. 
Prophylactic use of loop diuretics in this setting 
has been found harmful in two clinical studies, 65,66 
similar to experimental results in radiocontrast 
nephropathy prophylaxis. In a double-blind, pla- 
cebo-controlled trial of 126 patients with normal 


preoperative renal function randomized to infu- 
sions of furosemide infusion, low-dose dopamine 
or saline (control), 6 of 41 patients who received 
furosemide developed acute renal injury (defined 
as an increase of >0.5mg/dL in serum creatinine 
within 48 h postoperatively), versus 1 of 42 in the 
dopamine group, and none in the saline group 
(p < 0.01). 65 The primary endpoint of maximum 
increase in serum creatinine within 48 h postopera- 
tively was significantly higher in the furosemide 
group than in either of the other groups (p < 0.001), 
associated with lower measured creatinine clear- 
ances on the 2nd to 4th postoperative days. RRT 
was required in two patients in the furosemide 
group, but none in the saline or dopamine groups. 
Lombardi and colleagues studied 50 adults with 
baseline serum creatinine values of <1.5mg/dL 
undergoing CPB, all of whom received boluses of 
furosemide (lmg/kg) and mannitol (3mL/kg) at 
the beginning of bypass, with supplemental furo- 
semide boluses to treat intraoperative oliguria. 66 
In multivariate analysis, only baseline serum cre- 
atinine and furosemide dose were associated with 
increased serum creatinine at 24 h postoperatively. 

Similarly, there is little evidence of benefit from 
diuretic therapy in established AKI, following car- 
diac surgery or in other settings. Loop diuretics are 
commonly used to "convert" oliguric AKI into nono- 
liguric AKI, attempting to improve AKI course, 
and prognosis. In patients with established acute 
tubular necrosis (ATN), several studies have found 
no benefit of loop diuretics. 67 Their use did not 
accelerate renal recovery, decrease the need for 
dialysis, or reduce mortality, although these trials 
have been of inadequate size and power. It was 
shown that the mortality rate of oliguric patients 
who responded to furosemide with a diuresis was 
lower than of those who did not. However, the 
clinical characteristics, severity of renal failure, 
and mortality rates were similar in patients with 
either spontaneous nonoliguric AKI or nonoliguric 
AKI after furosemide. This implies that those patients 
able to respond to furosemide have less severe 
renal damage than do nonresponders, rather than 
deriving any true therapeutic benefit from furosemide 
administration. 

Although administration of furosemide might 
facilitate improved fluid management if it induces 
a diuresis, a retrospective review of a recent trial 
in critically ill patients with ATN raised concerns 
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of possible harm from loop diuretics in AKI. 68 
The authors found that diuretic use was associ- 
ated with an increased adjusted risk of death 
and nonrecovery of renal function. Most of the 
increased risk, however, was seen in those patients 
unresponsive to high doses of diuretics, implying 
they had more severe disease. In contrast, in a pro- 
spective, 54-center, international study, Bellomo 
and colleagues found that diuretics were not asso- 
ciated with an increased adjusted mortality risk. 69 
In the Beginning and Ending Supportive Therapy 
for the Kidney (B.E.S.T. Kidney) study, 1,743 
consecutive critically ill patients who were treated 
with RRT or met predefined criteria for severe 
AKI were prospectively enrolled and followed 
until hospital discharge or death. Seventy percent 
of these patients were receiving diuretics at study 
inclusion, 98.3% receiving furosemide. Unadjusted 
hospital mortality was significantly higher in diu- 
retic-treated patients (62.4%) than in patients who 
did not receive diurietics (57.1%; odds ratio, 1.25; 
p = 0.03). However, using two different propensity 
score-adjusted multivariate models, along with a 
standard multivariate model with adjustment for 
collinearity, they found no relationship between 
diuretic therapy and adjusted hospital mortality 
(which controlled for other variables). They con- 
cluded that there is equipoise, justifying a clinical 
trial to determine the potential benefit of loop 
diuretics in AKI. 

Finally, a recent randomized controlled trial of 
loop diuretics in late AKI already starting dialysis 
showed no survival benefit. 70 Cantarovich and 
colleagues randomized 388 patients with dialysis- 
requiring AKI to receive placebo or furosem- 
ide (25mg/kg/day intravenously or 35mg/kg/day 
orally, up to maximum doses of 2 or 2.5 g daily, 
respectively). Furosemide was significantly asso- 
ciated with an increased likelihood of achieving 
2 liters of daily urine output (57% vs. 33%), and 
decreased duration of oliguria with this urine out- 
put cutoff (5.7 vs. 7.8 days). The study groups did 
not differ in time on dialysis, number of dialysis 
sessions required, renal recovery rates, or survival 
(the primary endpoint). The only significantly 
increased side effect was polyuria (7 furosemide 
subjects, none with placebo, p = 0.015), although 
there was a trend toward more hypokalemia in the 
furosemide group (11 patients vs. 7 with placebo, 
p = 0.07). Three furosemide patients developed 


hearing loss, and three developed pancreatitis; one 
subject had each of these adverse events in the 
placebo group, which is not significantly different. 
Based upon these data, there seems little likelihood 
of benefit from loop diuretic therapy in late AKI 
requiring RRT. 

21.4.3.1. Atrial Natriuretic Peptide 

Atrial natriuretic peptide (ANP) has failed to improve 
outcomes in a radiocontrast nephropathy prophylaxis 
trial and two trials in patients with ATN. A new, 
promising, but underpowered study of ANP to treat 
AKI immediately following cardiac surgery showed 
a decreased rate of postoperative RRT compared to 
placebo-treated patients. 71 In this study, Sward and 
colleagues randomized 61 patients with AKI follow- 
ing cardiac surgery (defined as a serum creatinine 
increase of >50% from a baseline value of <1.8mg/ 
dL) to receive infusion of ANP or placebo until the 
serum creatinine decreased below the baseline value 
at enrollment, the patient died, or one of four pre- 
specified dialysis criteria was reached. Of note, all 
patients received infusions of furosemide (20- 
40mg/h) and oliguria, defined as a urine output of 
<0.5 ml/kg/h for 3 h, was an exclusion criterion and an 
automatic dialysis indication. The primary endpoint 
was the rate of dialysis within 21 days of enrollment. 
Creatinine clearance was significantly higher on the 
third study day in ANP-treated subjects (p = 0.04). 
Using prespecified dialysis criteria, 21% of patients 
in the ANP group and 47% in the placebo group 
were dialyzed within 21 days (hazard ratio 0.28; 95% 
CI, 0.10-0.73, p = 0.009). The combined secondary 
endpoint of death-or-dialysis was similarly improved 
in the ANP group (28%) compared to placebo (57%; 
hazard ratio 0.35; 95% CI 0.14-0.82; p = 0.017. The 
incidence of hypotension during the first 24 h was 
59% in the ANP group and 52% in controls (p = NS). 
It is intriguing to speculate on the potential reasons 
for the positive outcome of this trial, compared to 
larger prior studies of ANP for AKI prevention and 
therapy. Apart from the possibility that this is a false- 
positive, underpowered study, possible explanations 
include the use of ANP earlier in the course of AKI 
(the mean serum creatinine in the prior ANP studies 
was much higher), and at lower doses (50ng/kg/min 
vs. 200ng/kg/min) that avoided the significant rate 
of hypotension observed in prior trials. The use of 
prespecified dialysis criteria was another strength of 
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this trial. This study suggests that ANP (and perhaps 
other vasodilators used at low doses) may have a role 
in the therapy of early AKI following cardiac surgery, 
but further prospective trials are needed to confirm 
this potential indication. 

21.4.3.2. Dopaminergic Agonists 

Dopamine has been studied extensively to prevent 
and treat AKI after cardiac surgery, in a variety of 
small, generally negative studies. 72 73 Furthermore, 
a recent analysis of 1,731 cases over 2 years in a 
CABG registry found that renal-dose dopamine 
was associated with a 1 .74 odds ratio of developing 
postoperative AF or flutter post-CABG surgery. 35 
This confirms a prior study by Chiolero and 
colleagues in which dopamine therapy was the 
most significant predictor of postoperative arrhyth- 
mias after cardiac surgery. 36 Thus, the literature 
continues to argue against the use of low-dose 
dopamine in this, as in other settings. 

Fenoldopam mesylate is a pure dopamine type-1 
receptor agonist that has similar hemodynamic 
effects to dopamine in the kidney without systemic 
a- or (3-adrenergic stimulation. 74 Animal experi- 
ments 75 and small human studies in patients under- 
going CABG 76 and aortic cross-clamp surgery 77 
suggest that fenoldopam may prevent or ameliorate 
the course of AKI in patients undergoing cardio- 
vascular surgery. In a small prospective study of 
fenoldopam in 28 patients who underwent elec- 
tive aortic surgery, creatinine clearance decreased 
from 83 to 42ml/min in those who received 
saline but not in those who received fenoldopam. 77 
Similarly, in a 31 -patient study, Halpenny and 
colleagues showed that fenoldopam transiently 
improved creatinine clearance after cardiac sur- 
gery. 76 In a prospective, randomized, double-blind 
trial, 80 patients undergoing cardiac surgery were 
randomized to 24 h of perioperative therapy with 
low doses of fenoldopam or dopamine. 78 There 
was no difference between the groups in AKI rate, 
serum creatinine levels, or a variety of clinical 
endpoints. Larger prospective, controlled trials in 
aortic occlusive and cardiac surgeries are required 
to determine potential indications for prevention 
or therapy of perioperative AKI. It is important to 
emphasize that because fenoldopam causes dose- 
dependent systemic vasodilatation (beginning at a 
dose of ~0. 1 |lg/kg/min), renal vasodilatation may be 


accompanied by hypotension, and extreme caution 
must be exercised in the experimental or therapeutic 
use of this drug, especially in critically ill patients. 

21.4.4. Renal Replacement Therapy 

Cardiac surgery patients commonly develop 
oliguria, acidosis, or azotemia in the perioperative 
period, and many groups claim superior outcomes 
with aggressive use of RRT in this setting. 30,31 There 
are no adequate controlled trials to guide the timing 
of RRT initiation in patients with AKI following 
cardiac surgery, which remains a matter of clinical 
judgment. The indications for initiation of RRT 
for patients with AKI following cardiac surgery 
are a source of considerable clinical controversy 
in many medical centers. The literature inform- 
ing this debate is limited, generally composed of 
uncontrolled studies, some supporting aggressive 
use of RRT in the perioperative period. One recent 
study found that a period of "prophylactic" dialysis 
for patients with chronic renal impairment may 
subsequently improve both renal and overall out- 
come. 79 In a study of 44 patients with chronic renal 
failure (mean serum creatinine level of 3.3mg/dL) 
undergoing coronary artery bypass grafting with 
CPB, randomization to prophylactic hemodialysis 
appeared to decrease mortality, hospital and ICU 
length of stay, and the incidence of postopera- 
tive AKI compared to standard care. Specifically, 
1 of 21 patients who received hemodialysis twice 
within 72 h before surgery developed AKI, com- 
pared to 14 of 23 patients who did not. 79 However, 
the study was small, details of medical therapy 
in the nondialysis arm were not described, and 
this approach requires further research. Similarly, 
although several studies have demonstrated appar- 
ent physiologic advantages to the use of intraopera- 
tive hemofiltration, 30 - 80-82 the strategy is unproven 
to improve morbidity and survival. Suggested 
advantages include control of fluid balance, less 
hemodilution and anemia, and perhaps shorter 
duration of postoperative mechanical ventilation. 
Potential mechanisms of benefit include ultrafiltra- 
tion to control fluid balance, clearance of inflam- 
matory cytokines by hemofiltration, and perhaps 
adsorptive mediator clearance as well. 

In the postoperative period, there is a well -recognized 
lack of consensus on appropriate indications for RRT 
initiation in AKI, leading to wide variability in prac- 
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tice patterns. Several nonrandomized, uncontrolled 
studies have purported to show that early and aggres- 
sive use of RRT improved survival in AKI following 
cardiac surgery, 3183-85 but this approach has not been 
tested in a definitive trial. However, it is our belief that 
aggressive use of continuous renal replacement ther- 
apy (CRRT) in the perioperative period is a necessity 
for management of high-risk cardiac surgery patients. 
While there is a lack of consensus on definitive, 
outcome-based indications for acute RRT, numerous 
clear-cut physiological indications for RRT develop in 
many high-risk cardiac surgery patients in the periop- 
erative period. For example, take the illustrative case 
of a 25-year-old Asian female who undergoes cardiac 
surgery for congenital heart disease with pulmonary 
hypertension and severe right heart failure, which is 
associated with chronic renal insufficiency (baseline 
serum creatinine 2.5mg/dL). After 4h of CPB, it is 
difficult to wean her from the pump. She returns to 
the ICU intubated, anuric on furosemide 20mg/h. 
Her blood pressure is 80/50 mmHg on vasopressin, 
dopamine, and norepinephrine infusions. She is 
mechanically ventilated and has an oxygen saturation 
90% on a fractional inspired oxygen of 0.6 with 15 cm 
H 2 0 positive end expiratory pressure (PEEP) and 
inhaled nitric oxide therapy. Central venous pressure is 
35 mmHg and venous oxygen saturation is 50%. Her 
weight is increased 15 kg from preoperatively, and the 
sternal wound has not been closed because of mas- 
sive edema. Her chest X-ray demonstrates bilateral 
pulmonary edema. Her serum creatinine is 2.8mg/dL. 
Other laboratory tests disclosed the following values: 
sodium 135mEq/L, potassium 4.5mEq/L, chloride 
lOOmEq/L, total CO z 12mEq/L, blood urea nitrogen 
(BUN) 70mg/dL, and glucose 80mg/dL. Urinalysis is 
not available. The surgical team plans to transfuse six 
units of fresh frozen plasma in preparation for return to 
the operating room for placement of a right ventricular 
assist device and sternal closure. The nephrology con- 
sultant is asked to initiate emergent RRT. 

In our opinion, iniation of RRT with CRRT 
(CVVHD), continuous veno-venous hemofiltration 
(CVVH), or continuous veno-venous hemodiafil- 
tration (CVVHDF) is the most appropriate choice 
of intervention for this hemodynamically unsta- 
ble patient with renal insufficiency, diuretic-refrac- 
tory oliguria, and severe volume overload. Volume 
overload is contributing to pulmonary dysfunction, 
inability to achieve sternal wound closure (with 
increased risk of mediastinitis), and possibly even 


to right-sided cardiac dysfunction and shock. Even 
with maximal response, it is highly unlikely that 
diuresis can correct volume overload in a timely 
fashion, particularly in someone refractory to 
furosemide infusion of 20mg/h. Slow continuous 
ultrafiltration (SCUF) will not correct metabolic 
acidosis, or provide therapy for evolving azotemia 
glomerular filtration rate (GFR) in this anuric patient 
is zero). Although serum creatinine has not yet 
increased significantly to reflect evolving acute- 
on-chronic renal failure in this patient, there is a 
strong multipurpose rationale to initiate RRT at this 
time. Pending validation by adequate prospective tri- 
als, we propose the use of liberal criteria for CRRT 
initiation is cardiac surgery patients with renal 
dysfunction in the perioperative period, guided by 
physiological principles and clinical judgment. 

21.5. The Prolonged ICU Stay 
of the Complicated Patient 

If the critically ill cardiac failure patient survives 
the initial hemodynamic instability of the first 48 h 
after surgery and begins to improve, such improve- 
ment may be rapid and lead to ICU discharge over 
the ensuing day or two. However, some patients 
remain critically ill, dependent on either inotropic 
support or mechanical support. They progress 
only slowly to be weaned serially off mechanical 
support, then inotropes and vasopressor support. 
Such patients are exposed to complications similar 
to those seen in other acutely ill patients who 
require prolonged intensive care support. Although 
there are many issues that require discussion, in 
this chapter, we will focus on some particularly 
important ones. 

First, these patients are at incredibly high risk 
of infection, particularly if they develop acute 
renal failure. 52 This is in part because of the 
highly invasive nature of both monitoring and 
mechanical support. These critically ill patients 
will often have several intravenous catheters, an 
arterial catheter to monitor blood pressure, an 
IABP device, and, in some cases, large cannulae 
for mechanical support of cardiac output. They 
will also have hematomas or some residual clot in 
the mediastinum and, sometimes, chest drains. All 
such breaches of skin integrity occur in patients 
whose immune system is highly dysfunctional 
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as a consequence of the insults associated with 
repeated major surgery and an LCOS, as well 
as renal failure in many cases. In these patients, 
the onset of sepsis can be lethal. Accordingly, 
vigilance for possible infection must be extreme. 
Regular monitoring of sputum for organisms, 
rapid line change at even minute indications of 
possible infection (increase in white cell count, 
change in C-reactive protein, increased body tem- 
perature), or even broad-spectrum prophylactic 
antibiotic cover should all be considered. 

As discussed above, careful fluid manage- 
ment is paramount as these patients are at high 
risk of the acute respiratory distress syndrome. 
Accordingly, detailed monitoring of fluid balance 
and use of diuretics and/or hemofiltration are 
essential tools to avoid unnecessary fluid over- 
load. Mechanical ventilation should be with low 
tidal volumes. 86 

Almost all of these patients develop anemia. 
While it is obvously vital that red cell transfu- 
sion should take place in the context of continued 
documented blood loss during various operations, 
the treatment of anemia of critical illness should 
preferably be conservative as shown by a recent 
randomized controlled trial. 87 

In addition to their other problems, these very ill 
patients are likely to develop a polyneuropathy of 
critical illness, especially if neuromuscular block- 
ing agents are used. 88 Accordingly, such agents 
should be used very sparingly. 

Last but not the least, there remains the issue 
of sedation during mechanical ventilation. Once 
again, such sedation is necessary for patient safety 
and comfort, as is occasionally true of neuromuscu- 
lar blockade. However, like neuromuscular block- 
ade, it can be a double-edged sword and lead to the 
unnecessary prolongation of mechanical ventilation 
with its attendant problems. 89 Therefore, it should 
be used judiciously and with the understanding that 
in the presence of renal failure or hepatic dysfunc- 
tion, there is significant accumulation of metabo- 
lites of sedating agents such as midazolam, which 
would further prolong the duration of sedation even 
after cessation of drug infusion. Accordingly, it 
appears desirable to reassess the patient's needs for 
sedation daily and to titrate such sedation accord- 
ing to validated sedation scales in order to avoid 
both under- and overdosage. 
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New Therapies and What Is on the Horizon 

Keiichi Tambara and Masashi Komeda 


22.1. Range of New Therapies 

In the last decade, several new treatment strate- 
gies have emerged in the surgical management of 
heart failure. Some of them are purely surgical, 
and some of them utilize regenerative medi- 
cine applied surgically. There are new therapies 
that are synergistic combinations of surgery 
and regenerative medicine. Combined materials 
could be cellular therapy, gene therapy, adminis- 
tration of growth factors, and tissue engineering. 
In this chapter, we take a general view of new 
but relatively familiar approaches of regenerative 
medicine to heart failure, and, in the final sec- 
tion, introduce "surgical regenerative therapy" 
developed in our research laboratory and clinical 
practice at Kyoto University. 

22.2. Cellular Therapies 

Cell transplantation for severe heart failure has 
drawn the attention of many basic and clinical 
researchers from the early 1990s onward. A good 
deal of literature was published in this field, and 
most of them reported promising results. 1-18 The 
concept of the therapies is simple: to restore lost 
myocardium dimensionally and/or functionally by 
transplantation of cells. Cell sources are broadly 
divided into two categories: myogenic cells and 
stem or precursor cells. 

Despite strong expectation and rapid clinical 
application of this method, the exact mechanisms 
and optimal conditions of cellular therapies remain 
to be clarified. It is our future challenge that 


we establish these therapies as reliable treatment 
strategies for end-stage heart failure. 

22.3. Myogenic Cells 

There are three myogenic cell sources for trans- 
plantation: cardiomyocytes, 1-6 skeletal myoblasts 
(SMs), 7-17 and smooth muscle cells. 18 In this sec- 
tion, cardiomyocytes and SMs are briefly reviewed 
as donors for cellular therapies to treat the diseased 
heart. 

22.3.1. Cardiomyocytes 

Since the ultimate goal of cell transplantation 
should be the complete replacement of dead or 
scarred myocardium, it is natural to use car- 
diomyocytes as donor cells. In fact, this cell line 
was in use in the first experimental series of cell 
transplantation to the diseased heart. Since then, 
most of the studies about cell transplantation to the 
failing heart were performed with fetal or neonatal 
cardiomyocytes in the early 1990s. However, this 
cell source has high hurdles for its clinical use. The 
reasons were as follows. 

1. Adult cardiac cells have very poor potential, 
if any, for proliferation. The cells should 
therefore be fetal or neonatal to obtain enough 
number of viable cells in the recipient tissue. 
This limitation not only has a disadvantage 
in availability but also raises strong ethical 
issues. For the same reason, cardiomyocyte 
transplantation should be allogeneic rather 
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than autologous, because the vast majority of 
patients with heart failure are adults. 
2. Cardiomyocytes are not resistant to ischemia 
compared with other myogenic cells. Although 
the precise measurement of cell number is diffi- 
cult, the ratio of viable cells among transplanted 
cardiomyocytes may be less than 1%. 3 In our 
laboratory data using a rat coronary artery liga- 
tion model, the viable tissue derived from donor 
cells is less than one fourth in cardiomyocyte 
transplantation than in SM transplantation when 
the same number of cells (5 x 10 6 ) is applied 
(unpublished data). 

To solve these problems, some researchers have 
been seeking a way in the study of cardiac or 
embryonic stem (ES) cells. But some researchers 
lost their interest in this cell line, and moved into 
the study of other cell sources. 

22.3.2. Skeletal Myoblasts 

Menasche and colleagues reported the first human 
application of myoblasts performed in June of 
2000, which was a landmark of this therapy. 13 At 
present, among myogenic cells used in cell trans- 
plantation for heart failure, SMs are the most suc- 
cessful and promising cells, provided that they are 
solely applied for transplantation. Overall, they 
consistently show a differentiation of implanted 
myoblasts into multinucleated myotubes, the lack 
of coupling between engrafted myotubes and host 
cardiomyocytes, but, nevertheless, an improve- 
ment in local and global left ventricular (LV) 
function. 19 

SMs, also called satellite cells, lie in a quiescent 
state under the basal membrane of skeletal muscle 
fibers. When muscle injury occurs, they rapidly 
repair the damaged muscular tissue by being 
proliferated and fused into myotubes. Considering 
the clinical application of the cell line, several 
characteristics are favorable for transplantation. 

1. They can be obtained from other parts of the 
body (for instance, from the hip) of ill patients 
with little effect on the patient's hemodynamics 
or condition. They are of autologous origin, and 
therefore, do not raise ethical issues or antigenic 
problems. The other advantage is in the easy 
availability. 


2. They are relatively tolerant of harsh conditions 
such as ischemia or enzyme-rich environment. 
They have a high proliferation potential in appro- 
priate culture conditions. Therefore, expansion 
of the cells in vitro is relatively easy and can be 
conducted within 2 weeks of harvesting. Of note, 
rapid and steady expansion of the cells is a key 
factor in autologous transplantation. In addition, 
these characteristics are also very important in 
sustained viability of donor cells in the recipient 
tissue after transplantation. 

3. The fate of SMs is to fuse into myotubes or to 
remain as myoblasts. Therefore, there is little 
chance for tumorigenicity in SM transplantation. 

Although the mechanisms behind SM transplanta- 
tion improving cardiac function remain unclear, a 
positive correlation has been demonstrated between 
the magnitude of improvement and the donor cell 
number or donor-derived muscle volume when 
implanted into the infarct area. 14,17 At least, elastic 
and passive contractile property of donor-derived 
structures seem to be important for dimensional 
and functional benefits on the recipient heart. On 
the other hand, some investigators reported induc- 
tion of angiogenesis at the site of implantation 
after SM transplantation. 13 However, our study 
using pin-hole single photon emission computed 
tomography (SPECT) in a rat myocardial infarc- 
tion (MI) model clearly demonstrated that the 
angiogenic effects of SMs are, if any, very small 
compared with those of basic fibroblast growth 
factor (bFGF). 20 It is possible that angiogenesis 
induced in SM transplantation may not be solely 
derived from transplantation. 

A number of efforts have been made to avoid 
culture cells before transplantation. According to 
Menasche, experience with myoblast transplanta- 
tion for the past several years suggests that the 
alleged disadvantages of cultures (2- to 3-week 
duration, risk of contamination, and cost) are 
largely outweighed by the advantage of inject- 
ing a well-defined, tightly controlled cell therapy 
product. 19 

Until now, at least six phase I trials of autologous 
SM transplantation have been performed, four of 
which were performed with coronary artery surgery 
while the others were designed as a catheter-based 
stand-alone procedure. 19 - 21 Consequently, the 
SM has entered phase II multicenter randomized 
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clinical trial (MAGIC, Myoblast Autologous 
Grafting in Ischemic Cardiomyopathy trial) in 
Europe to test efficacy. To monitor and termi- 
nate life-threatening ventricular arrhythmias, all 
patients will receive an implantable cardioverter 
defibrillator. 

What has been established by all these studies 
so far is that autologous myoblast transplantation is 
technically feasible, can be implemented clinically 
without specific procedural complications, and 
results in differentiation of myoblasts into myo- 
tubes whose engraftment seems to be sustained 
over time. What is likely, though still unproven, 
is that intramyocardial skeletal muscle grafts may 
represent arrhythmogenic substrates. What is still 
uncertain is whether myoblast transplantation can 
restore some viability and function in scarred areas 
to the point that it favorably impacts on global LV 
function and patient outcomes. 19 Further investiga- 
tion is warranted. 

22.4. Stem Cells or Precursor Cells 

Stem or precursor cells have the unique property of 
plasticity that is not provided in somatic cells. This 
character allows them to change their phenotype 
in response to still undetermined organ-specific 
signals. Therefore, they might differentiate along 
the organ-specific lineage and, thus, specifically 
convert into cardiac or endothelial cells after 
engraftment into ischemically damaged myocar- 
dial tissue. 19 In this section, bone marrow cells 
(BMCs), endothelial progenitor cells, cardiac pro- 
genitor cells, and ES cells are discussed. 

22.4.1. Bone Marrow Cells and/or 
Endothelial Progenitor Cells 

In 2001, Orlic and associates reported, in a mouse 
model, regeneration of the infarcted myocardium 
after injection of a specific subpopulation of pro- 
genitor cells (phenotypically defined as lin~ c-kit + ) 
and cytokine-induced mobilization of bone mar- 
row stem cells. In the transplantation study, 22 cells 
were injected 5h after coronary artery ligation and 
results were assessed 9 days later. In the mobiliza- 
tion study, 23 the cytokine treatment was started 
before the infarct and splenectomy was performed 
to limit systemic trapping of mobilized cells. In 


spite of these clinically irrelevant features, these 
experiments have strengthened the idea that BMCs 
could effectively repair infarcted myocardium. 
Since then, BMC transplantation has been talked 
up and used in humans with little preclinical data. 
More data are now being accumulated. 19 

So far, at least 1 1 trials have been published. 21 
In 1999, the first angiogenic therapy using BMCs 
was performed in Japan. Hamano and colleagues 
reported that autologous BMCs were directly 
injected in the ungraftable ischemic territory dur- 
ing coronary artery bypass grafting (CABG) in 
five patients with ischemic heart disease. 24 One 
year later, myocardial perfusion scintigraphy dem- 
onstrated the improvement in myocardial blood 
flow at the area of transplantation in three patients, 
and no side effects derived from cell transplanta- 
tion were observed in any patient. The earlier two 
studies from Germany have entailed the direct 
intracoronary injections of mononuclear cells 25 or 
endothelial progenitors derived from circulating 
blood or bone marrow 26 in patients with acute MI. 
However, in these trials, the grafted areas were also 
subjected to angioplasty, which makes the assess- 
ment of the respective benefits of cell therapy 
virtually impossible. Two surgical studies have 
entailed direct epicardial injections of mononuclear 
cells 24 or CD133 + progenitor cells during coronary 
artery surgery. 27 

Although the mechanisms of action are not 
fully elucidated in transplantation of BMCs or 
endothelial progenitor cells, there are several 
hypotheses, which include transdifferentiation or 
fusion of donor cells to cardiomyocytes, mobi- 
lization of cardiac stem or progenitor cells, and 
angiogenesis. 21 

Safety remains a major concern of the procedure. 
Ventricular arrhythmias have not been detected in 
patients who have received doses of BMCs, as 
opposed to the SMs. However, a recent report by 
Kang and coworkers 28 highlighted other potential 
side effects of delivering BMCs to the heart. 21 

22.4.2. Cardiac Stem Cell 

In 2003, Beltrami et al. reported that the c-kit + 
cells present in the heart have pluripotency and 
proliferative ability in vitro. 29 These cells can 
differentiate into not only cardiomyocytes but 
also smooth muscle cells and endothelial cells. 30 
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Transplantation of the cells into a murine MI 
model confirmed their ability to differentiate into 
cardiomyocytes in vivo, implying the existence of 
a tissue repair mechanism by cardiac stem cells 
(CSCs) in the heart, similar to stem cells in other 
organs. 

Throughout the myocardium, pools of CSCs 
may participate in the continual replacement of 
apoptotic cardiomyocytes at a low basal level. 31 
Unlike terminally differentiated cardiac cells, 
CSCs are small cells that do not express cardiac 
markers and that can self-renew and prolifer- 
ate. Several seemingly different but overlapping 
populations of progenitor cells (such as Sca- 
1-, c-Kit-, c-Met, and Abcg2-expressing side 
populations) can be induced to activate cardio- 
myocyte-specific genes in vitro. In addition, Sca- 
1- or c-Kit-expressing cells may differentiate into 
cardiomyocytes in vivo, contributing to repair 
of the damaged heart after acute MI, but their 
potential is limited, in part, by the small number 
of endogenous CSCs. Most of these endogenous 
CSCs reside in the atrioventricular groove area. 
Attempts to mobilize and to expand endogenous 
progenitor cells by introducing growth factors 
hold promise but remain controversial. 6 It is 
likely that the activity of endogenous CSCs will 
have to be augmented, through knowledge of the 
mechanisms of normal progenitor expansion and 
determination during embryonic development, 
before these cells will contribute substantially 
in the extreme setting of infarcted hearts. Before 
those cells are used in the clinical setting, the 
methods of mobilization and expansion of the 
cell line should be established. 

22.4.3. Embryonic Stem Cells 

The first mouse ES cell line was established 
by Evans in 1981, and its superior proliferative 
ability and pluripotency led to the establishment 
of a number of developmental model systems 
and knockout mice. In the mid-1990s, ES cell 
research slowly moved to using experimental 
animals as in vivo models for cell transplanta- 
tion therapy. In 1998, human ES cells were 
established by Thomson et al., and although 
ethical issues remained, they quickly attracted 
significant attention as a source for regeneration 
therapy. 


In 2001, Wakayama et al. established murine 
ES cells by applying nuclear transfer techniques to 
nuclei derived from somatic cells. These findings 
raised the possibility of using somatic cells from 
patients to produce their own ES cells and by a 
technique that would avoid immune rejection in 
humans. 

In the same year, it was reported that human 
ES cells, like mouse ES cells, could differenti- 
ate into cardiomyocytes with cardiac-specific 
structural and functional properties. The same 
group recently revealed that transplanted human 
ES cell-derived cardiomyocytes can act as pace- 
makers in porcine ventricles in which complete 
atrioventricular block was artificially generated. 
In this study, the human ES cell-derived car- 
diomyocytes made successful electrical connec- 
tions with the recipient cardiomyocytes in large 
animals. 

Besides ethical issues, several problems asso- 
ciated with ES cells, including tumorigenicity, 
ectopic differentiation, and transplantation issues, 
need to be overcome for the clinical application of 
these cells. 30 

22.5. Gene Therapies 

Since Losordo and colleagues reported that naked 
plasmid DNA encoding vascular endothelial growth 
factor (VEGF) (phVEGF165), which was injected 
directly into the ischemic myocardium, improved 
myocardial perfusion in patients with symptomatic 
myocardial ischemia, 32 a number of clinical trials 
of gene therapies were conducted for intractable 
angina from ischemic heart disease that could not 
be treated conventionally. The first report of a ran- 
domized, double-blind, placebo-controlled trial for 
ischemic heart disease was the Angiogenic Gene 
Therapy (AGENT) trial, in which intracoronary 
administration of FGF-4 was conducted in patients 
with chronic stable angina by using adenovirus as a 
vector. 33 In this trial, although anti-ischemic effects 
by FGF-4 were recognized, its clinical benefits 
were not clearly demonstrated. 

Although gene therapies may be a very prom- 
ising treatment tool, at least presently, several 
issues remain to be settled. Because we have 
no vectors whose activities are fully regulated, 
there are concerns about safety of the therapies, 
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especially for systemic side effects. In addition, 
for the same reason, the level and period of gene 
expression are hard to predict precisely. 

22.6. Administration of Growth 
Factors 

Another approach to deliver growth factors is 
administration of the substances in the form of 
peptides. Since the first trial was performed by 
Schumacher and associates, 34 in which acidic 
fibroblast growth factor was directly injected 
into the ischemic myocardium in ungraftable 
areas in patients undergoing CABG, a number 
of clinical trials to administer peptides were 
conducted in patients with ischemic heart dis- 
ease. Until now, there have been no randomized, 
double-blind trials that have demonstrated clear 
beneficial effects of intracoronary or intravenous 
infusion of VEGF or bFGF peptides. In a clinical 
trial in which control-released bFGF incorpo- 
rated into heparin-arginine beads were subepi- 
cardial^ administered, relief of anginal pain was 
recognized in all the patients, and significant 
decreases in the areas of perfusion defects were 
also demonstrated in dipyridamole-stress myo- 
cardial scintigraphy at 90 days after treatment in 
the treatment group. 35 

Large-scale clinical studies using control- 
released bFGF have not been performed. Based 
on our limited experience in basic and clinical 
investigation, it seems to be very important that 
peptides should be delivered in a controlled- 
release fashion with the use of some biotechno- 
logical technique. 

22.7. Novel Approach — Surgical 
Regenerative Therapy 

In this section, we introduce a novel therapeutic 
approach in which surgery and regenerative medi- 
cine are synergistically collaborated and combined. 
Some of the methods are clinically applied in the 
form of clinical trial at Kyoto University. We call 
this approach surgical regenerative therapy in order 
to differentiate it from other regenerative therapies 
using surgical techniques for their application (for 


instance, epicardial injection of cells or vectors). 
The aim of this treatment is to obtain the ben- 
eficial effects on failing hearts that cannot be 
achieved by surgery or by regenerative therapy 
alone. Synergistic effects are the key points in this 
novel approach. 

22.8. Control-Release of Growth 
Factors 

The functioning mechanisms of various cytokines 
or growth factors have been elucidated in recent 
years, and it is now recognized that most of the 
biologically active agents work in autocrine and/or 
paracrine fashions. The biological half-lives of 
such substances are usually very short (in the order 
of seconds or minutes). Therefore, to maintain the 
local concentrations higher than appropriate levels, 
a device or vehicle is required to deliver the agent. 
For this purpose, Tabata and associates developed 
a control-release system for various biologically 
active peptides using biodegradable gelatin hydro- 
gel. In this system, peptides are incorporated into 
the hydrogel with electrostatic forces, and gradu- 
ally released in situ along with hydrolysis of the 
gelatin. The characteristics of this method include 
the following: 

1. The rate of control-release of peptides can be 
regulated by changing the water content in 
hydrogel. Usually, 2-A weeks of control-release 
can be achieved. 

2. The high concentrations of the peptides are 
limited in the local area of administration. 

In our animal experiments using radioisotopes, 
systemic blood concentrations of control- 
released peptides were almost zero at 24 h after 
administration, and less than detectable levels at 
2 days and thereafter. The gelatin hydrogel has 
various forms, and we usually use microspheres 
and sheets, which are impregnated with various 
growth factors. 

Taken together, we consider that this method is 
one of the safe and effective therapeutic strategies 
for administration of growth factors, because it 
enables in situ administration of peptides almost 
without losing the activities or causing systemic 
side effects. 


302 


K. Tambara and M. Komeda 


22.9. Arteriogenesis by 
bFGF — Comparison with BMC 
Transplantation and Other 
Angiogenic Factors 

Before going into the topic of surgical regenera- 
tive therapy, we introduce here an interesting study 
conducted in our group to investigate the difference 
in quantity and quality of angiogenesis between 
control-release of bFGF and BMC transplantation 
using a pig MI model. 

MI was created in 18 s wines by transcatheter 
embolization of the left anterior descending (LAD) 
artery. 8 Four weeks later, they were randomized 
into three groups. Group I (n = 6) served as control 
with only saline injection, Group II (n = 6) had 
bone marrow-derived mononuclear cell transplan- 
tation [total (1-2) x 10 s cells], and Group III (n=6) 
received injection of bFGF-impregnated gelatin 
hydrogel microspheres (bFGF: 200|J.g). Each agent 
was subepicardially or intramuscularly injected 
at five peri-MI areas per animal. Four weeks 
after the treatment, LV function was estimated by 
an echocardiography and cardiac catheterization. 
Plasma levels of brain natriuretic peptide (BNP) 
were measured at baseline and at 4 weeks. 

Before treatment, there was no significant differ- 
ence in cardiac function among the three groups. 
Four weeks after the treatment, Groups II and III 
had smaller LV end-diastolic dimensions (LVEDD: 
56.7 + 6.2 vs. 49.2 + 4.6 vs. 49.1+4.9mm, respec- 
tively, /?<0.05), better ejection fractions (45.7 + 9.1 
vs. 62.6+12.0 vs. 63.4+10.1%, p<0.05), and 
better end-systolic elastance (1.34 + 0.26 vs. 
1.52 + 0.83 vs. 1. 72 + 0.65 mmHg/ml,/?< 0.01) than 
Group I. There was no significant difference 
between Groups II and III in any parameters. The 
plasma levels of BNP were highest in Group I 
(1,394 + 383, 1,031+91, 934 + 306pg/ml,;?<0.05). 
On microscopic examination, neovascularization 
was found in the peri-infarct area in Groups II and 
III. It should be noted that the number of vessels 
more than 50|im in diameter in Group III was 
higher than those in Groups I and II (6.9 + 3.9, 
15.0 + 5.2, 26.2 + 7.1 per square meter, /?<0.05) 
(Figure 22.1). In an occasional section, we found 
cartilage formation derived from donor BMCs. 

We should be careful when interpreting these 
results, because we do not know what doses of 


bFGF are equivalent to a given dose of BMCs. 
However, our findings suggest a significant dif- 
ference in angiogenic properties between bFGF 
administration and BMC transplantation. Namely, 
bFGF induces arteriogenesis, but BMCs does not. 

Similarly, although we applied the control- 
release system to various growth factors such as 
bFGF, HGF, VEGF, and IGF-1 to expect neovascu- 
larization, bFGF may be superior for the purpose, 
because it is the only angiogenic factor that sig- 
nificantly causes arteriogenesis among them. It 
should be noted that the increase in collateral blood 
flow of the ischemic myocardium is mainly gener- 
ated by arteriogenesis rather than angiogenesis at 
capillary levels. 

22.10. Control-Released bFGF 
and Cardiac Surgery 

Although percutaneous coronary intervention (PCI) 
and CABG have been widely accepted as standard 
treatments for ischemic heart disease, the efficacy 
in hearts with diffuse and severe coronary stenosis 
is often questionable or insufficient, because these 
conventional revascularization remedies cannot 
secure enough blood supply to the myocardium at 
cell levels. In this perspective, therapeutic angio- 
genesis for severely ischemic hearts has recently 
drawn increasing attention of cardiologists and 
cardiac surgeons. We use bFGF-impregnated gela- 
tin hydrogel (bFGF: 200 |lg) for angiogenesis and 
arteriogenesis. 

22.10.1. Regeneration of the Sternum 

Most of the cases of cardiac surgery are performed 
through median sternotomy. Poor or delayed heal- 
ing of the sternum is one of the more trouble- 
some complications encountered after sternotomy, 
especially in patients with elderly age, severe 
heart failure, or diabetes mellitus. Poor healing 
of the sternum often leads to deep sternal wound 
infection, which may possibly devastate surgical 
benefits. In this era of off-pump coronary artery 
bypass surgery (OPCAB), the internal mammary or 
thoracic arteries (IMA or ITA) are more frequently 
used, because they are in situ arterial grafts that 
have excellent patency rates. Therefore, if good 
healing of the sternum is guaranteed, surgeons 
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Figure 22.1. Neovascularization in the peri-infarct area after control-released bFGF administration (left) versus 
bone marrow cell (BMC) transplantation (right). A lot of large vessels with diameters over 100 um are recognized in 
the bFGF group, while most of the vessels are in small diameters in the transplantation group. Scale bars represent 
distances of 100 um in both panels. 


would feel more comfortable using bilateral ITAs 
in OPCAB for high-risk patients. 

With this in mind, we conducted a series of stud- 
ies to place bFGF-incorporating gelatin hydrogel 
sheet on the ITA beds after removal of the ITAs. 
It was also favorable for us that bFGF also has not 
only angiogenic but also osteogenic activities. First, 
using a healthy rat model, we demonstrated that the 
application of the bFGF sheet offset sternal ischemia 
and facilitated its healing, probably because of the 
angiogenic and osteogenic effects of bFGF after 
sternotomy with BITA removal. Similar results were 
obtained in diabetic rats and large animals. 

Following the animal studies, we started the 
sternum regeneration therapy with the use of bFGF- 
control-releasing sheet (bFGF: 200 |lg) in November 
of 2004 at Kyoto University Hospital, and two cases 
have been finished until now. The first case was a 
female patient with coronary artery disease who 
underwent OPCAB using the left ITA to the LAD, 
and the second one was a male anginal patient who 
underwent on-pump coronary artery surgery with 
total arterial grafting using bilateral ITAs and right 
gastroepiploic artery (GEA). In both cases, pains on 
effort at the site of median sternotomy disappeared 
in 2 weeks after operation, no side effects were rec- 
ognized, and all the grafts were patent. 

22. 10.2. Enhancement of Distal Runoff 
in Coronary Artery Surgery 

In a rat coronary ligation model, when bFGF-incor- 
porating gelatin hydrogel microspheres (bFGF: 
100|lg) were intramyocardially injected into the 


infarct and peri-infarct areas, the treatment group 
showed inhibition of LV dilatation and improve- 
ment in LV systolic function. In addition, histo- 
logical assessment revealed rich neovascularization 
in the peri-infarct area after the bFGF treatment, 
which was supported by the finding of improve- 
ment in the blood flow around the infarct on post- 
operative perfusion scintigraphy. 

We conducted a similar study using a pig model 
in which chronic MI was created in the LAD ter- 
ritory. In this study, bFGF-incorporating gelatin 
microspheres (bFGF: 200 |ig) were intramyocar- 
dially injected into the peri-infarct area. Four 
weeks after operation, coronary angiography dem- 
onstrated that the distal part of the ligated artery 
was filled via collateral vessels, and BNP levels, 
which is an indicator of heart failure, were sig- 
nificantly reduced in the treatment group. When 
applying this method to diffusely diseased target 
vessels during CABG, increase in the graft patency 
rate may be anticipated because control-released 
bFGF is expected to improve the distal runoff of 
the diseased coronary arteries. 

22.10.3. Biological Coronary Artery 
Surgery— "Bio-CABG" 

In a rabbit model of acute MI with the obtuse 
marginal artery ligated, we placed bFGF-incorpo- 
rating gelatin hydrogel sheet (bFGF: 100|ig) on 
the infarct, and covered the sheet with the omen- 
tum containing the right GEA. Four weeks later, 
we recognized rich neovascularization at the site 
of the bFGF-omentum wrapping and the blood 
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flow directly going into the ligated obtuse mar- 
ginal artery via collaterals from the gastroepiplic 
artery. Similar results were obtained in chronically 
ischemic hearts. (Figure 22.2) This method is very 
exciting among angiogenic therapies, because it 
creates biological anastomosis to such small arter- 
ies as considered ungraftable, and brings an extra 
cardiac blood source to the ischemic myocardium. 
In patients with ischemic cardiomyopathy, coro- 
nary arteries may be severely and diffusely sten- 
otic, with coronary blood flow already limited at 
the coronary ostia. Even if extensive angiogenesis 
occurred in the myocardium, it would be very dif- 
ficult to improve global myocardial blood flow 
in such patients. However, in "Bio-CABG," the 
new blood flow is obtained from the outside of the 
ischemic heart (GEA). Therefore, at least theoreti- 
cally, major improvement in coronary blood flow 
may be expected in the hearts of patients with 
ischemic cardiomyopathy. In fact, in our study with 
a rabbit model of chronic myocardial ischemia, it 
was demonstrated that about the third of the local 
blood flow at the site where "Bio-CABG" was 
conducted was derived from the GEA. 

In July of 2006, the first clinical trial of this 
novel method of angiogenesis was performed at 
Kyoto University Hospital. The case was a 56- 
year-old male patient with three-vessel disease. 
His cardiac anatomy had a dominant left coronary 
system. The stenosed LAD artery was a good graft 
target, while the left circumflex artery was large 
but diffusely stenotic, which was not thought to 
be a suitable target for grafting. Therefore, we put 
the left ITA to the LAD, and applied the novel 


angiogenic method to the ischemic circumflex ter- 
ritory of the patient. We administered 200 \lg bFGF 
impregnated into gelatin hydrogel sheet, which was 
completely wrapped over by the pedicled omentum 
containing the GEA. 

Two weeks postoperatively, local myocardial 
perfusion and systolic function in the circumflex 
territory were significantly improved, which was 
demonstrated by 201 Tl-dipyridamole stress SPECT 
and magnetic resonance imaging, respectively 
(Figure 22.3). 

22. 1 1 . Future Prospects 

Although over 10 years have passed since regen- 
erative medicine emerged as a potentially promis- 
ing therapeutic strategy for end-stage heart failure, 
no treatment has been established as standard 
treatment for any disease entity. For instance, in 
ischemic cardiomyopathy, PCI and CABG are still 
the mainstay of treatment, and the efficacies of 
newly developed angiogenic therapies are equivo- 
cal with few guidelines of indication. One of the 
reasons for this situation may be too much expec- 
tation that regenerative medicine could change 
the therapeutic paradigm for heart failure as a 
single-modality therapy. Taking PCI and CABG, 
the treatment effects cannot be sufficiently exerted 
without appropriate medication such as aspirin. 
Similarly, it may be reasonable to consider that 
regenerative medicine should be combined with 
other treatment approaches for full exertion of the 
beneficial effects. 
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Figure 22.2. Microvascular corrosion cast. The pictures demonstrate collateral formation between the omentum and 
the occluded coronary artery. Some of the newly developed vessels have diameters over lOOum, which, at least in 
part, indicates arteriogenesis. GEA the right gastroepiploic artery. 
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Figure 22.3. 201 Tl-dipyridamole stress single photon emission computed tomography (SPECT) before and after 
operation. Posterolateral areas were the target of "Bio-CABG." Significant improvement in myocardial blood flow 
was recognized in those areas. Pre the preoperative image at stress. Post the postoperative image at stress. 


Recent developments in minimally invasive sur- 
gery are encouraging, and the minimally invasive 
drug delivery system using this approach may ena- 
ble repetitive or serial transthoracic administration 
of donor cells or angiogenic factors to the heart in 
patients with end-stage heart failure. 

For surgeons, it makes sense that we try to make 
the most of regenerative medicine in combination 
with surgery. Some of those efforts are starting to 
bear some fruit in the clinical setting. Before we 
know whether they get established as treatment 
options, we have to wait for the results of clinical 
trials, which should be ideally randomized, double- 
blind, placebo-controlled, multicenter studies. 


22.12. Key Points to Remember 
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for premedication, 281 
D-transposition of great arteries (D-TGA), 273-275 
Duran rings, 1 8 If 
Dynamic cardiomyoplasty, 4 
Dyskinesis/akinesis 

myocardial, 4-5, 140-145, 151f 

postoperatively, 170 

septal, 5, 140-145, 15 If, 167 
Dyspnea, 258 

E 

EBV. See Epstein-Barr virus. 
Echocardiogram/graphy (ECHO) 

during ablation therapy, 232, 233f 

after Alfieri stitch, 48f 

vs. CVP lines, 284 

dobutamine stress echo, 46, 102 

indications for, 26, 44 

of pre and post PTE, 263f 

forTR, 214-215 

transesophageal (TEE), 106-107, 284 
ECMO. See Extracorporeal membrane oxygenation 
(ECMO). 

Edema 

cardiopulmonary in LCOS, 292 

clinical presentation of, 7-8 

from reperfusion, 270 
Eisenmenger's syndrome, 261, 263 
Ejection fraction. See Left ventricular ejection fraction 

(LVEF). 
Electrocardiograph/graphy 

in hemodynamic instability assessment, 283 

QRS complex before and after ablation, 226f 

in right heart failure, 263 
Electrolytes 

perioperative management of, 287, 294 

role in transplantation, 8 1 
Electromechanical mapping (EMM) system, 52 
Embolisms. See Thromboembolic events. 
Embryonic growth factors and ventricular remodeling, 

12, 310-311 
Embryonic stem (ES) cells, 307-310 
Enalapril, 16-17 


Endarterectomy, pulmonary, 265-270 

Endomyocardial biopsy, 26, 87, 88t, 214 

Endothelial progenitor cells, 309 

Endotracheal intubation, 282 

Endoventricular circular patch plasty (EVCPP), 28 

Enoximone, 291 

Epidural hematomas, 220-222 

Epidural space 

anesthesia through, 220-222 

puncture pressure in, 221f 
Epinephrine (adrenaline), 114t, 285-286, 291 
Epstein-Barr virus (EBV), 90 
Ergot alkaloids, 25t 
ES. See Embryonic stem (ES) cells. 
Ethical issues, 307-308, 310 
EVCPP. See Endoventricular circular patch plasty 
(EVCPP). 

Event-free survival in transplantation, 73f 

Everolimus, 87 

Exercise testing, 26 

Exercise training programs, 16, 19 

External cardiac restraint/containment, 57-58, 160 

Extracorporeal circulation, 103-106 

Extracorporeal membrane oxygenation (ECMO) 
for bridging, 115t, 121-123 
for hemodynamic instability, 293, 295f 
in pediatrics, 276-277 

F 

Failure modes, 168-170 
Femoral artery, 120, 124f, 208-209 
Femoral vein, 124f, 208-209 
Fenoldopam mesylate, 300 
Finger fracture technique, 3 
Fluid management, 292, 302 
Focal ablation, 232 
Fontan procedure, 275 
Fontan stitch, 165 
Forward failure, 23 

Frank- Starling mechanism, 1-2, 77f, 249 
Furosemide, 298-299 

G 

Gadolinium late enhancement (GLE), 140-145, 144f 
Gancyclovir, 91 

Gastroepiploic artery (GEA), 313-314 
Gender and CHF, 7 
Gene therapies, 310-311 

General anesthesia. See also Anesthesia/anesthetic 
management, 
defined, 281 

emergence from, 282-283 
induction and maintenance of, 282 
supplies and equipment for, 282 
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Genes/genetics, role in CHF, 13-14 
GeoFoam Rings, 181f, 182-184 
Geometric mitral valve repair, 171, 178-179 
Glaucoma, 93 

GLE. See Gadolinium late enhancement (GLE). 
Glenn cavo-pulmonary connection (Glenn shunt), 271 
Goretex patches, 168 
Grafts/allografts 

choice of, 106-111, 313-314 

cumulative patency of, 110 

dysfunction of, 213 

failure of, defined, 79 

"jump" grafts, 1 1 If 

rejection/infection of, 87-91 

vasculopathy of, 91-92 
Growth factors, 310-311 

H 

Harken, Dwight, 3, 4f 
Heart 

beating heart surgery, 160 
cardioplegic arrest of, 203 
fibrous skeleton of, 172, 173f, 175f 
manipulation/displacement of, 107 
stabilization of, 107-108 

total artificial heart, 32, 55, 56f, 115t, 133-134, 295f 

transplantation of. See Transplantation, heart. 
Heart failure (HF). See also Congestive heart failure 
(CHF). 

acute or chronic, 15 

arrhythmias of. See Arrhythmias. 

care components of, 289 

congenital, 273-277 

costs of, 23 

defined, 23 

etiology of, 6t, 23-24 

evolutionary stages of, 25t 

incidence and prevalence of, 23 

long term management of, 199f 

new therapies in, 307-315 

pathophysiology of. See Pathophysiology. 

pediatric. See Pediatric heart failure. 

prevention of, 249 

right-sided, 67, 117-118, 169, 200 

stage D (NYHA class IV), 41-42 

surgery for. See Surgical procedures. 

symptoms and diagnosis of, 24, 26 

treatment options in, 42-43 
Heart Failure Survival Score (HFSS), 53, 66, 72 
Heart sounds 

in CHF, 15 

in pulmonary hypertension, 262 
Heart String, 108 

HeartMate II LVAD, 115t, 131-133, 195 


HeartMate XVE LVAD, 115t, 128-130, 193-194, 
197f, 199 

Hematologic medications, adverse effects of, 25t 
Hematomas, epidural, 220-222 
Hemodynamic instability 

determination and causes of, 283 

drugs for, 290-293 

mechanical support for, 293 
Hemodynamics 

anesthesiologist management of. See Anesthesia/ 
anesthetic management. 

management flow chart for, 295f 

post-transplantation, 83, 214-215, 216t 

of tissue perfusion, 113, 114t 

during weaning trials, 118-119, 269 
Heparin, 118, 266 
Hepatitis C, 80 
HF. See Heart failure (HF). 
High thoracic epidural anesthesia (HTEA) 

advantages of, 219-220 

neuroaxial trauma and, 220-222 

outcomes in, 220-221 
History and physical examination, 26 
Hospitals, length of stays in, 104, 301-302 
HTEA. See High thoracic epidural anesthesia (HTEA). 
Hydralazine-isosorbide combination, 17 
Hydrogel biodegradable gelatin, 311, 313-314 
Hyperglycemia/hypoglycemia, postoperatively, 296 
Hypertension, ventricular dysfunction and, 42 
Hypotension, postoperatively, 293 

I 

IABPs. See Intra-aortic balloon pumps (IABPs). 
Ibutilide, 25t 

ICDs. See Implantable cardiac defibrillators (ICDs). 

ICU. See Intensive care unit (ICU). 

Idiopathic dilated cardiomyopathy (DCM). See Dilated 

cardiomyopathy (DCM). 
IL-2 receptor inhibition (anti-CD25), 86 
Iliac artery, 120 
Immune response, 220 
Immunocompromised hosts, 89-90 
Immunosuppressive therapy 

history of, 8 

infection after, 89-91 

modalities for, 84-87 
Impella Recover® system, 115t, 124-125 
Implantable cardiac defibrillators (ICDs) 

ablation therapy with, 226-227 

indications/contraindications for, 243 

vs. surgery, 229 

tricuspid valve and, 210-212 
In vitro cell studies, 307-310 
India, 106 
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Infants 

Berlin Excor device in, 64f 

LVADs for, 62f, 64f 

ventriculectomy in, 59f 
Infarct restraint/constraint, 252-253 
Infection/s 

agent categories of, 9 If 

around LVAD drivelines, 66f 

CyA predisposition to, 90 

nosocomial, 118, 301-302 

perioperative prevention of, 296 

post-transplantation, 89-91 
Inflammation 

from anesthesia modality, 220 

from cardiopulmonary bypass, 106, 293 
Inhaled anesthetics, 280-282 
Inotropic agents 

forLCOS, 290-291, 295f 

studies on, 16 

used during anesthesia, 285-287 
Intensive care unit (ICU), 289, 291, 301 
Internal mammary artery, left (LIMA) 

anastomosed to circumflex, 109f 

anastomosed to LAD, 102f, 104f, 105f, 106 

cumulative patency of, 110 
Internal mammary artery, right (RIMA), 106, 109f 
Internal thoracic artery, left (LITA), 108-110, 313-314 
International Society for Heart and Lung 
Transplantation (ISHLT) 

on endometrial biopsy grading, 87, 88t 

on postop mortality rates, 33 
Intra-aortic balloon pumps (IABPs) 

for bridging, 115t, 119-121 

complications from, 120 

defined, 32 

for hemodynamic instability, 293, 295f 

implantable, 196-198 

placed preoperatively, 106-107, 169 

for right-sided HF, 204 

used postoperatively, 99 

weaning from, 120 
Intracardiac shunts, circulatory support for, 117 
Investigations. See Diagnostic imaging; Laboratory 

evaluations. 
Ischemia 

of limb or leg, 120-121 

perioperative, 116 

regurgitation-related, 29-30 

sternal, 312-313 
Ischemic heart disease/cardiomyopathy 

defined, 23-24 

mechanism of, 159f 

mechanisms of, 44 
Ischemic time, 79 
Isoproterenol, 286 


J 

Jarvik 2000 LVAD, 115t, 133, 195 
Jarvik Flowmaker, 60, 6 If, 62f 
Jugular venous pulse (JVP), 15, 262 
"Jump" grafts, 11 If 

K 

Kantrowitz CardioVAD system, 196-198, 200 
KCV. See Kantrowitz CardioVAD system. 
Kidneys 

CHF effects on, 12 

injury to. See Acute kidney injury (AKI). 
Kimo study, 220 

Kyoto University Hospital, 307-314 
L 

Laboratory evaluations, 26 

Lactate levels, 204 

LaPlace Law, 26, 28, 44, 142, 249 

Larrey, Dominique, 2 

Latissimus dorsi muscle, 4, 17-18 

LCOS. See Low cardiac output state (LCOS). 

Leaflet coaptation, 172, 174-177, 179f, 210-212 

Left anterior descending (LAD) coronary artery 

angiogenic grafting method to, 313-314 

bypass grafting of, 102f, 104f, 105f, 106-111 

recanalization and stenting of, 159f 
Left ventricle 

aneurysms of, 146f, 148-149 

containment of, 249-25 1 

dilation mechanism in, 47 

dysfunction of, 44-45 

after MI, 140-142 

original shape of, 163, 169, 249 

reconstruction of. See Reconstruction, left ventricular 
(LVR). 

restoration of, 51-52 

shape change of, 251-252 

volume of, 142, 185f 
Left ventricular aneurysm repair, 1 8 
Left ventricular assist devices (LVADs). See also 
Circulatory assist devices (CADs). 

adverse events with, 193t 

availability in UK, 41 

as bridge-to-transplant, 62-63 

considerations in, 114-116 

contraindications to, 66-68 

defined, 17, 32 

as destination therapy, 199-201 
explantation of, 63 
indications for, 55, 116-117 
for infants, 62f, 64f 
infections with, 66f 
for lifetime, 49, 55 

models/types of, 59-64, 115t, 124-133, 192-198 
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mortality and, 65-66 
PFTs and, 67 

as primary treatment option, 65-68 
Left ventricular dysfunction, mortality and, 44-45 
Left ventricular ejection fraction (LVEF) 

with Acorn CorCap device, 32, 247 

after Dor procedure, 28 

mortality and, 42, 44-45 

outcomes and, 103 

procedure-specific results for, 44-52, 56, 58, 63 
after reconstruction, 149t 
restoration surgery and, 47 
Left ventricular end-diastolic diameter (LVEDD), 62-63 
Left ventricular end-diastolic volume index 

(LVEDVI), 142, 251 
Left ventricular end-systolic volume index 

(LVESVI), 46, 142, 251 
Leg ischemia, 120-121 

Leukocyte (WBC) immunosuppression, 84-87 
Liem Group study, 219-220 
LIMA. See Internal mammary artery, left (LIMA). 
LITA. See Internal thoracic artery, left (LITA). 
Low cardiac output state (LCOS), 290-291, 295f 
Low-dose dobutamine stress echocardiography, 46 
Lung ventilation-perfusion scans, 263 
LV end-diastolic pressure (LVEDP), 45 
LVAS. See Left ventricular assist devices (LVADs). 
LVEDD. See Left ventricular end-diastolic diameter 
(LVEDD). 

LVEF. See Left ventricular ejection fraction (LVEF). 
LVESVI. See Left ventricular end-systolic volume 

index (LVESVI). 
LVR. See Reconstruction, left ventricular (LVR). 

M 

MAGIC. See Myoblast Autologous Grafting in 

Ischemic Cardiomyopathy (MAGIC) trial. 
Magnesium supplementation, prophylactic, 287, 294 
Magnetic resonance imaging (MRI) 

cardiac. See Cardiac magnetic resonance (CMR). 

contrast-enhanced, 46 

indications for, 44 
Malignancy, after transplantation, 92-93 
Manubrium, 206, 208 

MAR See Mean arterial blood pressure (MAP). 
Mapping systems/techniques, 227-228, 232 
MAV. See Mechanical auxiliary ventricle (MAV). 
Maximal oxygen uptake (V0 2m . ix ), 26 
Maze procedures 

history of, 235 

maze III, 235-236 

partial vs. complete, 236 

percutaneous endocardial maze, 231 
McCarthy, Patrick, 5, 18, 165 
Mean arterial blood pressure (MAP), 292, 295f 


Mean pulmonary artery pressure, 114t, 145, 204, 262 
MECA. See Multiple electrode catheter ablation 
(MECA). 

Mechanical assist devices. See Circulatory assist 
devices. 

Mechanical auxiliary ventricle (MAV), 196 
Mediastinitis 

prevention of, 204-205 

risk factors in, 205 

sternal plating against, 206-208 
Medtronic Cardioblate, 237f 
Medtronic Octopus, 105f, 108 
Mental status, 283 
Metformin, 25t 
Methylene blue, 285-287 
MI. See Myocardial infarction (MI). 
Micromed DeBakey blood pumps, 61f, 195-196, 199 
Microvascular corrosion cast, 314f 
Microwave ablation, 237 
Midazolam, 302 
Milrinone, 101, 114t, 204, 291 
Mini-thoracotomy, 208-209, 21 Of 
Minoxidil, 25t 
Mitral regurgitation (MR) 

acute vs. chronic, 173-174 

assessment of, 145 

BACE procedure for, 255-257, 259f 

with circulatory support, 116 

mechanism of, 56f, 174f 

new treatments in, 253-258 

pathophysiology of, 29-30, 173-174 

postoperatively, 166 

quantification of, 146 

valvular vs. geometric, 174-178 
Mitral stenosis, 67, 116 
Mitral valve 

annuloplasty of. See under Annuloplasty. 

in Batista procedure, 28 

indications for repair, 

insufficiency of, 146 

mortality after repair, 55, 56, 57t 

regurgitation through. See Mitral regurgitation (MR). 

repair of. See Mitral valve repair. 

sternal sparing incisions for, 208-209 

structure and function of, 172 

in systole and diastole, 173f 
Mitral valve repair 

anatomy and physiology of, 171-178 

defined, 47-49 

geometric, 171, 178-179 

innovative options in, 185 

patient selection for, 184-185 

studies on, 179-180 

timing of, 176 

unresolved issues in, 181-184 
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Mitral valve replacement (MVR) 
age and, 182 
history of, 178 

with mechanical prosthetic valve, 182f 

with porcine bioprosthetic valve, 183f 

vs. repair, 180, 182 
Mixed venous oxygen content on exercise 

(MVo 2 ), 44 
MMF. See Mycophenylate mofetil (MMF). 
Monitored anesthesia care, 280 
Morbidity 

with circulatory support, 117-118 

post-transplantation, 216t, 217t 
Mortality rates 

after CABG, 49-50 

in congenital heart disease, 276-277 

in Dor procedure, 166 

with LV dysfunction, 44-45 

after LV reconstruction, 148-150 

with LVADs, 65-66 

LVEF and, 42, 44-45 

after MV repair, 55, 56, 57t 

post-transplantation, 33, 216, 217t 
Moulopolous, S.D., 119 
MR. See Mitral regurgitation (MR). 
Multiple electrode catheter ablation (MECA), 231 
Multiple organ failure, 291 
Muromonab-C03, 86 
Muscle relaxants, 280, 282 

MVo 2 . See Mixed venous oxygen content on exercise 
(MVo 2 ). 

Mycophenylate mofetil (MMF), 86 
Myobifrillar degeneration, 77f, 78 
Myoblast Autologous Grafting in Ischemic 

Cardiomyopathy (MAGIC) trial, 308-309 
Myoblasts, skeletal, 307-309 
Myocardial infarction (MI) 

antero-apicoseptal location of, 140, 144f, 146 

infarct restraint/constraint, 252-253 

ventricular remodeling after, 12,42, 140-142 
Myocardium 

abnormal loads on, 1 1 

contractility of, 279, 283-284 

damage to, 1 1-12 

hibernation of, 45^16, 102 

necrotic, 140-145, 144f, 307-308 

postreconstruction morphology and performance of, 
149-150 

preservation during transplantation, 80-8 1 
repair of, 17-18 

scarring of, 45, 47, 102, 140-145 
stunning of, 50-5 1 
viability evidence in, 102-103 
Myocor myosplint ventricular restraint, 247, 25 2f 


Myocytes 
loss of, 46 

LVAD changes in, 60 
Myogenic cells, 307-310 
Myotubes, 308-309 

N 

National Institute for Clinical Excellence (UK) 

on HF surgery, 42 
N-Contact cryoablation probe, 234f 
Necrosis, myocardial, 144f, 307-308 
Neovascularization, 313-314 
Nephrotoxicity, 84-85, 93, 298-300 
Neuroaxial trauma, 220-222 
Neurohormones 

response to reconstruction, 159f 

systemic responses to, 12-13 
Neurologic and psychiatric medications, 

adverse effects of, 25t 
Neuromuscular blockade 

epidural, 219-221 

polyneuropathy and, 302 

in regional anesthesia, 301 
New York Heart Association (NYHA) 

class IV/stage D classification of, 41—42 

functional disability classification of, 24t 

HF classification of, 17-18 

SOB classification of, 14-15 
Nitric oxide, 12-13, 204 

Nonsteroidal anti-inflammatory drugs (NSAIDs), 

adverse effects of, 25t 
Norepinephrine (noradrenaline), 293 
action of, 287 

postop renal function and, 294f 

systemic responses to, 13 
Norwood procedure, 275 
Nosocomial infections, 118, 301-302 
Novacor II LVAD, 194 
NovacorLVAD, 115t, 130, 194 
NSAIDs. See Nonsteroidal anti-inflammatory drugs 

(NSAIDS). 
Nuclear medicine tests, 46 

O 

Octopus (Medtronic), 108 
Octopus (Medtronic) device, 105f 
Off-pump coronary artery bypass (OPCAB) 

acute kidney injury and, 298 

anesthesiologists for, 105-106 

contraindications to, 105f 

vs. conventional CABG, 103-106 

decision making philosophy for, 107 

efficacy and safety of, 110 

robotically-assisted, 109 
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sternal healing and, 313-314 

techniques for, 106-111 
OHT. See Transplantation, heart. 
OKT3 (muromonab-C03), 86 
Operative mortality. See Mortality rates. 
Opioids, 280-282 

Optimal medical management (OMM), 193, 199f 
Organ donation 

age of donors, 79-80 

in brain death, 76-78 

donor evaluation in, 76, 78-79 

procurement procedure for, 81-82 

recipient-donor demographics of, 215t 

shortage of, 18, 41, 53, 76 
Orthotopic heart transplantation (OHT). 

See Transplantation, heart. 
Osteosynthesis, plate, 204-208 
Oxygen (0 2 ) measurement, 26 

P 

Pacemakers 

biventricular (BiV), 28, 244 

lead-related regurgitation, 209-212 
Pacing/pacemaker implantation 

biventricular (BiV), 28, 244 

indications for, 19, 28 

during OPCAB, 107 
PAD. See Percutaneous access device (PAD). 
Pain relief (analgesia), 280, 282, 296 
Pancreatitis, 93 

Papillary muscle, 172, 173f, 175f, 178 

Paracor dynamic ventricular restraint, 252 

Paralysis, induced, 280 

PARP (poly ADP-ribose polymerase), 14 

Partial left ventriculectomy (Batista procedure), 18 

Patch reconstruction 

alternatives for, 158-160 

by Dor procedure. See Dor procedure. 

history of, 139-140 

outcomes in, 148-158 

preop for, 145-148 

techniques for, 140f, 142-145 
Patches, myocardial 

appearance of, 166f, 167f 

autologous, 146, 148f 

Dacron patches, 146-148, 168-170 

defined, 5 
Pathophysiology 

of backward vs. forward heart failure, 23, 26-27 

of brain death, 77f 

in initiation and progression of HF, 1 1-14 
of MR, 29-30, 173-174 
Pediatric heart failure. See also Infants, 
chronic, 275 


overview of, 273 

postoperatively, 276-277 

surgical management of, 273-275 
Peptic ulcer disease, 93 
Percutaneous access device (PAD), 196-198 
Percutaneous endocardial maze procedure, 231 
Percutaneous transluminal coronary angioplasty 

(PTCA) vs. CABG, 30-31 
Pergolide, 25t 
Phenylephrine, 287 

Phosphodiesterase inhibitors, 101, 106-107, 285-287 
Photopheresis, 87 

Physiologic goals of therapy, 284-285 
Plaque formation, 268f 
Plasmapheresis, 87 
Plating systems, 204-208 
Plication of septum, 163, 164f, 165, 170 
Poly ADP-ribose polymerase (PARP), 14 
Polyneuropathy of critical illness, 302 
Positioners and stabilizers, 107-108 
Positron emission tomography (PET) scan 

for ventricular function, 46, 102 
Postoperative care, 290-294. See also 

Anesthesia/anesthetic management. 
Posttransplant lymphoproliferative disease (PTLD), 93 
Potassium, 294 

PRAISE trial. See Prospective Randomized Amlodipine 

Survival Evaluation (PRAISE) trial. 
Precursor cells. See Stem cell therapy. 
Preload/afterload, 279, 283-284 
Premedication, 281 

Preoperative care, 289-290. See also Anesthesia/ 

anesthetic management. 
Preservation solutions, 81 
Procainamide, 228 

Progenitor cells. See Stem cell therapy. 

PROMISE trial. See Prospective Randomized Milrinone 

Survival Evaluation (PROMISE) trial. 
Prophylaxis 

against infection, 91 

magnesium supplementation for, 287, 294 
against nephropathy, 298-300 
tricuspid annuloplasty as, 81, 211, 218 
Prospective Randomized Amlodipine Survival 

Evaluation (PRAISE) trial, 17 
Prospective Randomized Milrinone Survival Evaluation 

(PROMISE) trial, 16 
Prostheses for mitral valves, 182f, 183f 
Proteins, regulatory contractile, 14 
PTCA. See Percutaneous transluminal coronary 

angioplasty (PTCA). 
PTE. See Pulmonary thromboendarterectomy (PTE). 
PTLD. See Posttransplant lymphoproliferative disease 
(PTLD). 
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Pulmonary angiography, 263-264 
Pulmonary artery 

anastomosis of, 82, 83f 

mean pulmonary artery pressure, 114t, 145, 204, 262 

occlusions in, 267-268 

surgical exposure of, 266-267 
Pulmonary artery catheters 

vs. echocardiography data, 284 

used during anesthesia, 283-284 
Pulmonary artery occlusion pressures (PAOP), 292 
Pulmonary function during anesthesia, 281-282 
Pulmonary function tests (PFTs), 67 
Pulmonary hypertension, 261-262 
Pulmonary thromboendarterectomy (PTE) 

indications for, 265 

outcomes in, 269-270 

overview of, 261-262 

presentation and diagnosis for, 262-264 

surgical technique for, 265-269 
Pulmonary veins 

anastomosis of, 82, 83f 

bilateral isolation of, 237f, 239f 
Pulsatile flow devices 

extracorporeal, 115t, 125-128 

implantable, 115t, 128-130 
Purse-string sutures, 147f, 165, 166f 

R 

Radial artery, 110, 11 If 

Radial Artery Patency and Cumulative Outcomes 

(RAPCO), 110 
Radiofrequency ablation, 236-237, 240 
Randomized Efficacy Study of Tirofiban for Outcomes 

and REstenosis (RESTORE) trial, 28-29 
Randomized Evaluation of Mechanical Assistance 

for the Treatment of Congestive Heart Failure 
(REMATCH) 
HeartMate XVE in, 193-194 
on "lifetime" assistance, 49 
on LVADs, 55, 65-66 
Randomized Evaluation of the Novacor LVAS in a 

Nontransplant Population (RELIANT), 194, 199 
Reconstruction, geometric mitral, 171, 178-179 
Reconstruction, left ventricular (LVR) 
complex (CVR), 165-168 
defined, 4-5 

by Dor procedure. See Dor procedure. 

neurohormone response to, 159f 

by patching. See Patch reconstruction. 

by purse-string suture, 147f, 165, 166f 

surgical options for, 28-29 

by ventriculectomy. See Ventriculectomy. 
Recover LD 5.0 device, 124 
Recover LP 5.0LV device, 124 


Regenerative therapy, 311-315 
Regional anesthesia, 281 
Regurgitation. See also specific valves. 

with circulatory support, 116 

pacer- or defibrillator-related, 209-212 
Rehn, Ludwig, 2 
Rejection. See Cardiac rejection. 
RELIANT. See Randomized Evaluation of the 

Novacor LVAS in a Nontransplant Population 
(RELIANT). 

REMATCH. See Randomized Evaluation of Mechanical 
Assistance for the Treatment of Congestive 
Heart Failure (REMATCH). 
Remodeling, ventricular 
arrest of, 103 
assessment of, 157t 
components of, 45 
defined, 12 

growth factors and, 12, 310-311 

after MI, 12, 42, 140-142 

process of, 23-24 

prognoses with, 27-29 

after reconstruction, 150-157, 158f 

reversibility of, 149-150, 152f, 158f 
Renal failure, acute (ARF), 113-114 
Renal function 

acute kidney injury, 296-297 

during anesthesia, 281-282 

CHF effects on, 12 

post-transplantation, 215-216, 218 

with and without norepinephrine, 294 
Renal insufficiency, 67 
Renal replacement therapy (RRT), 300-301 
Renin-angiotensin axis, 12-13 
Reperfusion edema, 270 
Respiratory system, ECMO support for, 123 
RESTORE trial. See Randomized Efficacy Study 
of Tirofiban for Outcomes and REstenosis 
(RESTORE) trial. 
Resynchronization therapy, 28, 243-245 
Retransplantation, 75-76 
Revascularization. See also specific modalities. 

adjunct therapies for, 160 

issues in, 30, 3 1 1 

timeliness of, 46 
Right ventricle, 249 
Right ventricle, shape of, 249 
Right ventricular assist devices (RVADs), 67, 196 
Right-sided circulatory failure, 67, 117-118, 169, 200, 

204, 269-271, 274-275 
Romero, Francisco, 2 
Rotary pumps, extracorporeal 

with axial flow design, 115t, 124-125 

with centrifugal flow deasign, 123-124 
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with centrifugal flow design, 115t 
Rotary pumps, implantable with axial flow design, 

115t, 131-132 
RRT. See Renal replacement therapy (RRT). 

S 

Saline-irrigated cooled tip radiofrequency ablation 

(SICTRA), 240 
SAM. See Systolic anterior motion (SAM). 
Saphenous vein 

anastomosis of, 108 

cumulative patency of, 110 

as graft choice, 106 
Sarcomeres, 13 

Sarcoplasmic reticulum Ca 2+ ATPase, 13-14 
Satellite cells, 307-309 

SAVE trial. See Survival and Ventricular Enlargement 
(SAVE) trial. 

SAVER. See Surgical anterior ventricular endocardial 

restoration (SAVER). 
Scarring, myocardial 

ablation therapy with, 227-228 

appearance of, 164f, 165 

mechanism of, 45, 47, 102, 140 

patch reconstruction for. See Patch reconstruction. 

of septum, 157f, 161f 
Scintigraphy, 102 

Segmental ostial catheter ablation (SOCA), 232 
Septum (heart) 

affected in MI, 140 

plication of, 165, 166f, 167, 170 

scarring of, 157f, 161f 
Serine protease inhibitor, 117 
Serum creatinine (Crt), 216t, 218, 294f, 296-299 
Serum markers, 63 
Shape change, 251-252 

Shortness of breath (SOB) NYHA classification, 14-15 
Shumway, Norman, 5 
Shushruta Samhita (Sushruta), 1 

SICTRA. See Saline-irrigated cooled tip radiofrequency 

ablation (SICTRA). 
Simplicit bands, 18 If 
Simvastatin, 16 

Single-photon emission computed tomography 

(SPECT), 46, 315f 
Sinus node dysfunction, 246 
Sirolimus, 86-87 

Skeletal myoblasts (SMs), 307-309 
Smooth muscle cells, 307 

SOCA. See Segmental ostial catheter ablation (SOCA). 
SOLVD trial. See Studies of Left Ventricular 

Dysfunction (SOLVD) trial. 
Sototol, 25t 
Souttar, Henry, 3 


Specimens, surgical (plaque), 268f 
St. Jude Tailor rings, 210-21 1 
Starling Law, 142 

Statins. See Antihyperlipidemic drugs (statins). 
Stem cell therapy, 52, 307-310 
Stents/stenting, 163f 
Sternal plating 

indications for, 204, 208 

outcomes in, 206-207 

overview of, 204-205 

patients and techniques for, 205-206 

pros and cons of, 207-208 
Sternalock system, 205-207 
Sternotomy 

avoidance of, 46 

complications of, 208, 312-313 

sternal plating for, 205-207 
Sternum 

dehiscence of, 207 

healing of, 313-314 

plating of, 205-207 

regeneration of, 312-313 

wire fixation of, 205-208 
Steroids. See Corticosteroids. 

STICH. See Surgical Trial in Intracerebral Hemorrhage 

(STICH) trial. 
Stress testing, 26 

Structural congenital defects, 274-275 
Studies of Left Ventricular Dysfunction (SOLVD) 
trial, 17 

Stunned myocardium/stunning, 45, 50-51 
Sudden Cardiac Death in Heart Failure trial 

(SCD-HeFT), 243 
Sudden death, prevention of, 243 
Superior vena cava, 266-267, 277f 
Surgical anterior ventricular endocardial restoration 

(SAVER), 28 
Surgical procedures. See also specific procedures. 

assessment algorithm for, 43^-4 

costs of, 29 

history in heart failure, 1-5 
overview of, 17-18, 27-33 
treatment algorithm for, 34f 
Surgical regenerative therapy, 311-315 
Surgical Trial in Intracerebral Hemorrhage (STICH) 

trial, 169 
Surgifrost-Cryoprobe, 23 8f 
Survival and Ventricular Enlargement (SAVE) 
trial, 17 

Survival benefit margin, 53-54, 71, 72f 
Swan-Ganz catheters, 106-107, 214 
Symptoms, presenting, 7-8, 24, 26 
Syncope/presyncope, 258 
Systolic anterior motion (SAM), 49, 178 
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Systolic dysfunction 
assisted, 197f 
defined, 26 
etiology of, 42 

after reconstruction, 150, 158f 

T 

Tachycardia, postop ventricular, 168, 246 
Tacrolimus, 85 

TandemHeart Percutaneous Ventricular Assist Device 

(pVAD), 115t, 123-124 
Target of rapamycin (TOR) inhibitors, 86-87 
T-cell activation, 84, 85f 

TECAB. See Totally endoscopic coronary artery bypass 

(TECAB). 
Technetium-99m perfusion tracing, 46 
TEE. See Transesophageal echocardiogram (TEE). 
Teflon pledgets, 146, 147f, 166f 
Temperature, body, 281-282 
Terumo LVAS blood pumps, 61f 
TGA. See Transposition of great arteries (TGA). 
Thallium-201 scintigraphy, 102 
Thallium-210 perfusion tracing, 46 
The Artificial Heart (Thomas), 1 1 
The Evolving Challenge of Heart Failure Management 

(Adamson), 41 
Thermo Cardiosystem II, 61f 
Thiazolidinediones, 25t 
Thomas, Lewis, 1 1 

Thoracoscopes/thorascopes, 209, 21 Of 
Thoracotomy, 208-209, 21 Of. See also Sternotomy. 
Thoratec implantable VAD (IVAD), 115t, 130-131 
Thoratec Ventricular Assist System (VAS), 115t, 

125-126 
Thromboembolic events 

with circulatory support, 118 

fibrillation-related, 235 

intra- ventricular, 168 

pulmonary, 265-270 
Thyroid hormone, 286-287 
Tissue flaps, 28 
Tissue perfusion, 113, 114t 
Tissue rejection. See Cardiac rejection. 
Titanium plate fixation. See Sternal plating. 
TNF. See Tumor necrosis factor (TNF). 
Total artificial hearts, 32, 55, 56f, 115t, 133-134, 295f 
Total technique for transplantation, 82, 83f 
Totally endoscopic coronary artery bypass (TECAB), 109 
Touhy needle insertion, 22 If 
TR. See Tricuspid regurgitation (TR). 
Tracheal intubation, 282 
Transesophageal echocardiogram (TEE) 

anesthesiologist's use of, 284 

during OPCAB, 106-107 


Transmurality, 238-240 
Transplantation, cellular, 307-310 
Transplantation, heart 

allocation principles in, 7 1 

bicaval vs, biatrial, 218 

vs. CABG, 46 

donor evaluation in, 76, 78-79 

hemodynamics and renal function after, 215-216 

history of, 5, 192 

indications for/contraindications to, 32-34, 54t, 

72-75, 75-76 
infection after, 89-91 
pediatric, 275-277 
procedures for, 80-84 

prophylactic tricuspid annuloplasty in, 81, 213, 218 

recipient evaluation in, 52-55, 71-76 

retransplantation, 75-76 

survival after, 93-94 

three techniques for, 82-84 

with tricuspid regurgitation, 213, 215-216, 217 

vs. destination therapy, 200 
Transposition of great arteries (TGA), 273-275 
Tricuspid regurgitation (TR), 67-68, 116, 210-213, 

216t, 217 
Tricuspid valve 

complex repair of, 209-212 

ICD lead pressure on leaflets, 210-213 

prophylactic annuloplasty of, 81, 213, 218 

regurgitation through, 67-68, 116, 210-213, 
216t, 217 

sternal sparing incisions for, 208-209 
Troponin-tropomyosis complex, 14 
Tumor necrosis factor (TNF), 12 
Tumorigenicity in cell transplantation, 308, 310 

U 

U-clip Spider, 108 
United Kingdom (UK) 

HF incidence and prevalence in, 41 

on HF surgery indications, 42 

LVAD availability in, 41 
United Network for Organ Sharing (UNOS), 74-77 
Univentricular circulation, 275-276 
University of Chicago, 2 
University of Michigan, 178-179 
Urine output, 283 

UW (University of Wisconsin) solution, 8 1 
V 

VAD. See Left ventricular assist devices (LVADs). 
Valves, heart. See specific valves. 
Valvular heart disease 

circulatory support with, 1 14-1 16 

defined, 24 
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in donor hearts, 79 

sternal sparing incisions for, 208-209 
VAS. See Thoratec Ventricular Assist System (VAS). 
Vascular endothelial growth factor (VEGF), 310-311 
Vasodilators, 16-17 
Vasopressin, 99 

Vasopressor agents, 99, 285-287, 292-293 

VEGF. See Vascular endothelial growth factor (VEGF). 

Vena cava 

anastomosis of, 82 

mobilization of, 266-267 

transection of, 277f 
Vena cava cuffs, 82 

Ventilation, sedation during, 302. See also Anesthesia/ 

anesthetic management. 
Ventilation-perfusion scanning (VPS), 263 
Ventricles, heart 

adequate filling of, 292 

aneurysms of. See Aneurysms. 

assist devices for. See specific devices. 

constrainment of, 19 

dilatation of. See Dilation/dilatation, cardiac, 
left. See Left ventricle, 
remodeling of. See Remodeling, ventricular, 
shape of, 249 
single (congenital), 275 
volume reduction of, 4, 18 
Ventricular assist devices (VADs). See Left ventricular 

assist devices (LVADs); Right ventricular assist 

devices (RVADs). 


Ventricular containment, 249-25 1 
Ventricular fibrillation, 246 
Ventricular pacing, 244-245 
Ventricular tachycardia 
after surgery, 246 

surgical therapy for. See Ablation therapy. 
Ventricular volume reduction surgery, 4, 18 
Ventriculectomy 

in Batista procedure, 28, 58-59 

in infants, 59f 
Veteran Administration Co-operative Vasodilator-Heart 

Failure Trial (V-HeFT I), 16-17 
V-HeFT-I. See Veteran Administration Co-operative 

Vasodilator-Heart Failure Trial (V-HeFT I). 
Viacor coronary sinus tensioning device, 253-254 
Vitamin K, 117 

V0 2max (maximal oxygen uptake), 26 
W 

Warfarin, 118 

Weaning trials, 118-120, 169, 204, 269 

White blood cell (WBC) immunosuppression, 84-87 

Williams, Daniel Hale, 2 

Wire fixation, 205, 207-208 

X 

Xiphisternum, 206, 208 
Z 

Zone of coaptation (ZC), 172, 174-177, 179f 


